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ABSTRACT
Successful transgenic plant production is largely dependent on the use o f suitable
promoters. In this study, we describe isolation of rice ubiquitin genes, and demonstrate
the potential utility o f the rice ubiquitin promoters in monocot transformation systems.
Two polyubiquitin genes (RUBQI and RUBQ2) and two ubiquitin extension/fusion
genes (RUBQ3 and RUBQ4) have been isolated from a rice genomic BAC library. DNA
sequence data revealed that both RUBQI and RUBQ2 contained an open reading frame
encoding a hexameric precursor ubiquitin and an intron immediate upstream o f the
initiation codon. The two ubiquitin fusion/extension genes RUBQ3 and RUBQ4
contained one copy o f the ubiquitin coding region interrupted by an intron.
Northern blot analyses using the 3’-untranslated region as gene specific probes
showed that RUBQI and RUBQ2 were actively expressed in all rice plant tissues tested.
Deletion analysis o f the 5'-upstream region o f RUBQ2 revealed a putative 70 bp enhancer
region that produced a 2.5- fold stimulatory effect on promoter activity. RUBQ2
promoter activity was dependent on the presence o f its own intron since promoter activity
was reduced to background levels when the intron was deleted. In transient assays, GUS
activity from constructs containing RUBQ1 and RUBQ2 promoters in rice suspension
cells was 10 to 15 fold greater than those using the 35S promoter, and 2 to 3 fold greater
than constructs with the maize polyubiquitin Ubil promoter. In stable transformation
experiments, GUS expression levels from constructs containing RUBQI or RUBQ2
promoters were 22 and 48-fold greater in stably transformed calli, and 8 to 35-fold
greater in transgenic rice plants, respectively, compared to those from a construct
containing the 35S promoter. A six fold increase in gene silencing events were observed
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in RO transgenic plants containing the GUS gene driven by the 35S promoter (52%) than
the rice ubiquitin promoters (0-8%). Southern blot analysis o f RO and R1 transgenic
plants showed that 3 to 7 copies of the GUS gene was inserted into the rice genome and
inherited as a single locus. In addition, herbicide resistant transgenic rice plants were
produced that contained the BAR gene controlled by the RUBQ2 promoter. These results
demonstrate the potential usefulness o f the rice ubiquitin promoters in rice and other
monocot transformation systems.

viii
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INTRODUCTION

Rice surpluses and low prices in recent years have given an impression that the
world's food production problems are solved. But population pressure in the rice-growing
countries is intense as 80-100 million additional people must be fed each year (Khush,
1997). The world's annual unmilled rice production must increase by almost 70% from
today's 520 million tons to keep up with population growth over the next 30 years. From
1965-67 to 1991-93, total rice production doubled and 70 percent o f this increase came
from higher yields and increased cropping intensity. Much o f the yield increase can be
traced to the introduction o f modem rice varieties (e.g., introduction o f the semi-dwarf
sdl gene) and to increased use of fertilizer, irrigation water, and other inputs. Future
breakthroughs in grain yield will require novel approaches applicable to traditional plant
breeding.
Advances in biotechnology in recent years have shown potential effects on crop
improvement. In rice, a high-density molecular genetic map o f more than 2,300 DNA
markers has been developed (Shimamoto, 1999). Genes o f economic importance as well
as Quantitative Trait Loci (QTL) have been tagged with molecular markers (Champoux
1995; Li et al., 1995; McCouch 1995; Redona et al., 1996; Xiao et al., 1996; Yano et al.,
1997; Xiao et al., 1998). Molecular marker-aided selection is being employed to transfer
genes from one variety background to another and to pyramid genes, which is difficult or
impossible by traditional means. A map-based cloning strategy has been used to isolate
genes o f agronomic importance. Not only the genes controlling qualitative traits (Wing et
al., 1994; Zhang et al., 1994; Loh et al., 1995; Song et al., 1995; Kilian et al., 1997;

1
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Brommonschenkel et al., 1997; Wang et al., 1999; Ashikari et al., 1999), but also genes
controlling quantitative traits (QTL) (Alpert et al., 1996; Grandillo et al., 1999; Frary et
al., 2000) have been cloned using map-based cloning strategies. International programs
on rice genome sequencing and functional genomics have been undertaken. These
developments have opened a window for understanding relationships between traits and
genes at the molecular level that should permit scientists to develop improved varieties
with new characteristics through manipulation o f gene expression.
Recent advances in molecular biology can complement traditional genetic and
breeding approaches. For example, regeneration from protoplasts o f many indica and
japonica rice varieties has allowed researchers to introduce novel genes into elite

germplasm through transformation (Krens et al., 1982; Toriyama et al., 1988, Zhang et
al., 1988; Kyozuka et al., 1991). More recently, biolistic particle bombardment (Klein et
al., 1987; Sanford 1988; Christou etal., 1996), and Agrobacterium-mo.dizX.Qd
transformation procedures (Hiei et al., 1994; Aldemita et al., 1996; Dong et al., 1996;
Rashid et al., 1996) have become available. These methods allow transfer of genes from
one species into another without prerequisite hybridization between donor and recipient
parents. Transgenic rice plants with disease and insect resistance, resistance to certain
adverse environment, improvement in food nutrition, have been developed (Christou et
al., 1996; Galun et al., 1998).
Success o f DNA-mediated gene transfer o f plants depends on optimized tissue
culture conditions, methods o f transformation, and properties o f the promoter used in the
engineered transformation vector. Use of appropriate promoters is crucial to overall
success and outcome o f plant transformation studies. The CaMV35S promoter (Odell et

2
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al., 1985) has been widely used to produce both dicot and monocot transgenic plants
(Christou 1996); However, 35S promoter activity is relatively low in monocot
transformation (Peterhans et al., 1990; McElroy et al., 1994). The monocot promoters
such as rice A ctl (McElroy et al., 1990; McElroy et al., 1994) and maize ubiquitin
promoters (Christensen et al., 1992) have been considered as alternatives to CaMV35S
promoter in monocot transformation systems (Christensen et al., 1996). Typically, a
strong constitutive promoter is favorable in plant transformation systems because this
type of promoter can be used to drive high levels o f expression o f marker genes such as
hygromycin resistant gene (Zheng et al., 1991) and BAR genes (Thompson et al., 1987).
Because success o f transgenic plants in many cases is dependent on expression levels of
transgenes, the chance o f obtaining transgenic plants with desirable characteristics is
considerably higher if a strong promoter is used.
Transgenic plants have been investigated as a biofactory for the production of
therapeutic anti-cancer antibodies and recombinant therapeutic proteins (Hiatt 1990;
Swain 1991; Tavladoraki et al., 1993; Fiedler et al., 1995; Fiedler et al., 1997; Fischer et
al., 1999; Torres et al., 1999; Stoger et al., 2000). Cultivating transgenic plants may allow
production o f unlimited supplies of recombinant proteins for uses in medicine (which is
referred to "molecular farming"). Though success depends on many factors such as
stability and efficient purification o f antibodies in transgenic plants, high expression o f
genes encoding antibodies is a key for production o f recombination proteins in transgenic
plants. Strong promoters should make substantial contributions in this new research area.
In the studies reported here, we describe the isolation and characterization o f
promoters o f rice (Oryza sativa) ubiquitin genes from a genomic BAC library. There are

3
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several reasons for conducting research on the rice ubiquitin genes: 1) ubiquitin
promoters are likely to be actively expressed in plants since ubiquitins are involved in
fundamental processes o f cell functions such as protein degradation (Vierstra 1996); 2)
maize (Zea mays) ubiquitin promoter has been shown to be a good promoter in monocot
transformation systems (Christensen et al., 1992, Christensen et al., 1996); 3) promoters
o f ubiquitin genes from dicot plants such as sunflower (Helianthus spontaneum) (Binet et
al., 1991), tobacco (Nicotiana tabacum) (Genschik et al., 1994) and potato (Solarium
tuberosum) (Garbarino et al., 1994) also showed higher activity in dicot plants compared
to the CaMV35 promoter; and 4) rice ubiquitin promoters have not been tested in the
plant transformation systems.
This dissertation is divided into four chapters. Chapter 1 includes the review o f
literature regarding promoters developed for plant transformation, and ubiquitin gene
functions in plants. Chapter 2 describes isolation o f rice ubiquitin clones and sequence
comparison o f the ubiquitin genes that were isolated. Chapter 3 provides expression data
o f ubiquitin genes in rice plant tissues, and rice ubiquitin promoter activity in rice
suspension cells in transient GUS assays. Chapter 4 includes further evidence of high
expression o f rice ubiquitin promoters in stably transformed calli and transgenic plants,
and characterization o f herbicide-resistant transgenic plants using the rice ubiquitin
promoter. In summary, we believe that the rice ubiquitin promoters described here have
potential usefulness in plant transformation systems.

4
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CHAPTER 1. REVIEW OF LITERATURE
1.1 Promoters Developed for Plant Transformation Systems
Gene expression patterns vary from gene to gene where some genes are
constitutively expressed; others are organ specific, or induced by certain stimulating
signals. The variations in gene expression are mainly due to promoter regions located in
5’-upstream regions o f genes. However, it has also been reported that the 3 ’untranslational regions, introns, and even the coding regions could be part of regulatory
elements. The promoters discussed here are referred to as 5’-upstream regions including
intron and regions with regulatory activity.
Promoters are generally divided into two groups: 1) constitutive promoters; and 2)
organ specific/inducible promoters. The constitutive promoters are expressed
continuously in most plant organs and tissues. These promoters have been widely used
for development o f transgenic plants with improvements in protection against biotic
stresses and abiotic stresses, and improvements in crop quality (Christou et al., 1996,
Galun et al., 1998). Organ-specific promoters are receiving greater attention since
targeting transgene expression in specific tissues in some cases is desirable (Datta et al.,
1998; Cho et al., 1999). The following reviews generally focus on constitutive promoters
developed for plant transformation.
1.1.1 VirusfAgrobacterium Derived Promoters
The CaMV35S promoter was described and characterized in the Cauliflower
Mosaic Virus that has a wide range of hosts (Guilley et al., 1982). Since the vims is
replicated in host cells using enzymes produced by host systems, the promoters of vims
genes are functional in the host cells. The complete nucleotide sequences (8024

5
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nucleotides) o f the circular double-stranded DNA o f Cauliflower mosaic virus was
determined by Franck et al., (1980). Functional analysis o f the virus revealed that three
transcripts with sizes o f 35S, 19S and 8S were transcribed from this viral genome, with
35S as predominant transcript (Guilley et al., 1982). The 5’-upstream region directing the
35S transcript was identified, and this CaMV 35S promoter activity was tested in plant
transformation systems (Odell et al., 1985). Subsequently, the CaMV 35S promoter has
been widely used in both monocot and dicot plant transformation systems (Christou et al.,
1996). However, it has been reported that CaMV35S promoter has relatively low activity
in transformed monocot cells (McElroy et al., 1990; Peterhans et al., 1990).
The crown gall disease, caused by Agrobacterium tumefaciens, has been shown to
be due to the stable transfer o f a specific DNA fragment, the T-DNA (transferred DNA),
from a large tumor inducing (Ti) plasmid within A. tumefaciens to the plant genome
(Chilton et al., 1977). Some T-DNA genes are responsible for synthesis o f auxins and
cytokinins necessary for gall development on hosts. Other T-DNA genes direct synthesis
o f tumor-specific compounds, generally referred to as opines (Ellis et al., 1981). Based
on the type o f opines encoded by the corresponding Ti plasmids, Agrobacteria can be
classified as octopine, nopaline, agropine, succinamopine or chrysopine strains (Ellis et
al., 1981; Vaudequin-Dransart et al., 1995, Gheysen et al., 1998). The opines formed in
the tumors can be metabolized by Agrobacteria, but not by plants and most other soil
microbes (Tempe and Petit 1982). Thus, Agrobacterium creates a favorable niche by
genetic modification o f plant cells. Promoters of several opine synthesis genes harboring
in the T-DNA o f Agrobacterium Ti plasmid were investigated for potential use in plant
transformation system, including the NOS promoter from the nopaline synthesis gene (De

6
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Greve et al., 1982), OCS promoter from octopine synthesis gene (Depicker et al., 1982),
and MAS promoter from mannopine synthase genes encoding enzymes in agropine
biosynthetic pathway (Velten et al., 1984). Since these promoters were not as active as
CaMV35S in most dicot and monocot plants (Sander et al., 1987), MAS and NOS
promoters have not been as popular as the CaMV35 promoter. However, these promoters
were the first ones to be tested in the plant transformation systems (Herrera-Estrella et al..
1983; Velten et al., 1984).
1.1.2 Hybrid Promoters
Considerable research has been dedicated to defining DNA sequences in the
promoter regions responsible for high specific activity o f promoters. The resulting
information is very important to researchers for manipulating promoter regions to gain
desirable characteristics o f new hybrid promoters. One interesting regions called the
OCS element was first identified in the promoter of the octopine synthase gene (OCS)
where it occurs as a 16 bp palindromic sequence (Bouchez et al., 1989). This OCS
element was also identified in the promoter regions o f other T-DNA genes involved in
opine synthesis and viral promoters including CaMV35 promoter (Bouchez et al., 1989;
Guevara-Garcia et al., 1998). Functional analysis revealed that OCS elements were
required for high activity o f these promoters (Fromm et al., 1989; Fox et al., 1992;
Guevara-Garcia et al., 1998). Plant pathogens have presumably recruited cellular
transcription factors interacting with these binding sites, such as OCS, to gain high-level
expression o f their essential genes. A search o f plant gene databases identified a number
o f plant gene promoters that contained sequences resembling the OCS element (Ulmasov
et al., 1994; Chen et al., 1996; Buttner et al., 1997). Another interesting element is

7
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referred to as the G-Box 5-GCCACGTGGC-3', which is found in many promoters.
Functional analysis showed that inclusion o f G-box elements in a minimal 35S promoter
could direct gene expression in transgenic tobacco seeds (Salinas et al., 1992; Ouwerkerk
et al., 1999), or transgenic tobacco roots (Oeda et al., 1991; Salinas et al., 1992). The fact
that G-boxes found in different promoters serve as different organ specific elements
indicates that sequences flanking the G-box determine the transcriptional activity in
different organs (Ouwerkerk et al., 1999). Analysis o f the maize A dhl promoter revealed
the region defined as anaerobic responsive elements (ARE) accounted for enhanced
expression o f this promoter in anaerobically induced root tissues (Zhang et al., 1989;
Olive et al., 1990; Kyozuka et al., 1991; Kyozuka et al., 1994). Dissection o f the
constitutive CaMV35S promoter also revealed subdomains that were responsible for
tissue specific activity (Odell et al., 1985; Lam et al., 1989). Inclusion o f multiple copies
of these elements in promoter regions may create interesting properties o f engineered
promoters. In addition, the intron, the leading sequences, and the 3’-region were
investigated for their contribution to enhancement of gene expression.
Certain promoters have been created by combinations o f active elements in
promoter regions. The pEmu promoter is based on a truncated maize Adhl promoter with
multiple copies of the Anaerobic Responsive Element (ARE) from the Maize Adhl gene
and OCS-eiements from the octopine synthase gene o f Agrobacterium tumefaciens (Last
et al., 1991). In suspension cell protoplasts, the pEmu promoter gave 10 to 15-fold higher
expression than the CaMV 35S promoter in all monocot species including wheat
(Triticum aestivum), maize (Zea mays), rice (Oryza sativa), einkon (Triticum
monococcum), and ryegrass (Lolium multiflorum) (Last et al., 1991).

8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

The CaMV35Si promoter is a combination o f the CaMV35S promoter and the
intron o f plant genes such as A dhl, a maize alcohol dehydrogenase gene (Kenneth et al.,
1991). Introns are transcribed regions o f the genes that are not represented in the mature
mRNA since they are excised from nascent transcripts (pre-mRNAs) within the nucleus
(Shape 1987). Introns have evolved to contain transcriptional regulators such as enhancer
elements (Cohen et al., 1988; Evan et al., 1988), further extending their involvement in
the control o f gene expression. It was demonstrated that gene expression enhancement
was conferred by many different introns (Callis et al., 1987, Kenneth et al., 1990). Callis
et al., (1987) reported that both the A dhl and Bronze 1 intron stimulated expression 5 to
1000 fold depending on the promoter and reporter gene used. Expression was stimulated
at both the RNA and protein levels.
The Mac promoter is a combination o f useful properties o f the CaMV35 promoter
and Ti plasmid mannopine synthase (MAS) promoters. The hybrid Mac promoter
exhibited new and interesting properties by incorporating the MAS region from +65 to 301 and the 35S enhancer region from -90 to -940 (Comai et al., 1990). This promoter
expressed GUS at a level three to five times that expressed by a double 35S promoter in
the leaves, and 10 to 15 times in hypocotyls and roots in transformed tobacco (Nicotiana
tabacum) and tomato (Lycoperiscon esculentum) (Comai et al., 1990). The Mac promoter
has been used to express the Bt crylllA gene in transgenic potato plants (Adang et al.,
1993), and genes encoding thermostable cellulases E2 and E3 o f Thermonomospora fusca
in transgenic alfalfa, potato and tobacco (Ziegelhoffer et al., 1999).
Another interesting hybrid promoter was reported by Ni et al. (1995), by
incorporating a trimer o f the OCS upstream activating sequence (UAS) to the MAS
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promoter. In lea f tissues o f transgenic tobacco, this hybrid promoter is approximately
156-fold and 26 fold stronger than are the CaMV 35S and the 'enhanced' CaMV 35S
promoters, respectively (Ni et al., 1995). Similar results were obtained in transiently
transformed tobacco leaf discs and suspension culture cells, as well as in cassava
(Manihot esculenta) and cowpea ( Vigna ungiiiculata) (Ni et al., 1995).
1.1.3 Promoters from Plant Genes
A dhl promoter: The Adhl promoter consists o f the 5'-upstream regions
including the first intron o f the maize alcohol dehydrogenase (A dhl) gene (Dennis et al.,
1984). This promoter was not constitutively expressed in all plant tissues, but induced in
response to anaerobic conditions (Zhang et al., 1989; kyozuka et al., 1991; Kyozuka et
al., 1994).
Rice A c tl promoter: Actin is a fundamental component o f the plant cell
cytoskeleton, and several rice actin genes were isolated by McElroy et al. (1990). The
rice A ctl promoter was reported to be constitutively expressed (Zhang et al., 1991), and
stronger than the CaMV35S promoter in transgenic rice plants (McElroy et al., 1990;
Zhang et al., 1991). The Actl promoter has been widely used in rice transformation
systems. For example, the Actl promoter was used in driving the Bt gene (Datta et al.,
1998), the herbicide resistant gene (PAT) (Cao et al., 1992; Park et al., 1996), the late
embryogenesis abundant protein gene (Jian et a., 1996; Xu et al., 1996), and the cowpea
trypsin inhibitor gene in rice (Xu et al., 1996).
Maize ubiquitin promoter: ubiquitin is one o f the m ost conserved proteins in
eukaryotic cells, and its main function is selective degradation o f target proteins (Callis et
al., 1989). The maize polyubiquitin promoter has been previously characterized in plant
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transformation systems (Christensen et al., 1992). It is now widely used in monocot plant
transformation systems, which compares favorably to the CaMV35S and the rice Actl
promoter. The maize ubiquitin promoter has been used in driving the PAT gene in maize
(Zea mays) (Bohorova et al., 1999), rice {Oryza sativa) (Toki et al., 1992; Comejo et al.,
1993), wheat (Triticum aestivum) (Weeks et al., 1993), barley (Hordeum valgare) (Cho et
al., 1999), and commercial production o f aproteinin (Zhong et al., 1999) in transgenic
maize seeds. Other examples include driving the snowdrop lectin gene (Rao et al., 1998),
Bt genes (Nayak et al., 1997; Cheng et al., 1998), and glycerol-3-phosphate
acyltransferase conferring unsaturation o f fatty acids (Yokoi et al., 1998) in transgenic
rice plants.
As mentioned above, the organ specific/induced promoters will be attractive since
organ-specific expressions o f transgene in some cases are desirable. For example, barley
hordein promoters, an endosperm-specific promoter, could be used to modify barley
seeds through genetic engineering (Cho et al., 1999). The pepcarboxylase (PEPC)
promoter, specifically expressed in green tissue, directed the Bt (cryl A (b)) gene
expression in transgenic rice plants, providing this material with protection against
insects, minimizing the expression o f the CrylA (b) protein in seeds and other tissues
(Datta et al., 1998).
1.2 Evaluation of Promoter Activities in Plant Transformation Systems
Among the promoters described above, the CaMV35S, rice Actl promoter and
maize Ubil promoter have been commonly used in monocot plant transformation
systems. Comparisons o f promoter activity in various plant transformation systems have
been carried out to identify the suitable promoter for transformation. As shown in Table
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1.1, the maize ubiquitin promoter was more active than other promoters such as rice actin
and CaMV35S promoters. Activity o f the monocot plant gene promoters (Actl and U bil)
was much lower in the dicot plant such as tobacco (Nicotiana tabacum) (Christensen et
al., 1992; McElroy et al., 1994 Christensen et al., 1992). Generally, promoters such as
maize Ubil or rice Actl from monocot plant genes also retained their native intron (s) for
enhanced gene expression. But intron enhancement o f gene expression in dicot plants
was subject to debate. For example, an intron-modified NPTII gene driven by the CaMV
35S promoter was expressed in barley protoplasts, but poorly expressed in tobacco
protoplasts (Maas et al., 1997). There are several reasons that monocot gene derived
promoters do not work well in dicot plants. First, the intron while required for gene
expression in monocots, may not be correctly removed from the primary RNA-transcripts
in dicot plants (Tanaka et al., 1990), therefore greatly reducing gene expression levels.
Second, trans-factors that interact with cis-elements in the promoter region may be
different between dicot and monocot plants, which could contribute to promoter
expression differences between monocot and dicot plants.
1.3 Ubiquitin Genes and Ubiquitin Promoters
1.3.1 Plant Ubiquitin Genes and Gene Functions
Ubiquitin is a highly conserved 76-amino acid eukaryotic protein that is
covalently attached to cellular proteins, and the resulting ubiquitin-protein conjugates are
selectively recognized by the ATP-dependent 26S proteasome which degrades the target
protein and releases ubiquitin intact. This ubiquitin-dependent pathway is responsible for
degrading most abnormal proteins and many short-lived cell regulators (Hochestrasser
1996). Within the pathway, ubiquitin is first activated by ubiquitin-activating enzyme El
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Table 1.1 Summary o f activity o f various promoters in monocot and dicot crops
A dhl

Species

35S

35Si

Tobacco

1
1
1
1

0.3
1.2

1
1
1
1

5.6
1.6

2.2

8
1

2.5

Maize

1

Actl
0.0

0.1
1.2

6.7
0.6

1
1

4.2
1.3
1

34

Last et al., 1991
Taylor etal., 1993

1.5

10

McElroy et al 1990
Last et al., 1991
Cornejo et al., 1993

6.4

11.9

Schledzewski et al., 1994

11.1

23
25

1.5

McElroy et al., 1990
L aste ta l., 1991
Christensen et al., 1992
Schledzewski et al., 1994

12.5
13
2.5
13.2

40

4

Ref.

McElroy et al., 1990
L aste ta l., 1991
Christensen et al., 1992
Fennell et al., 1992
Taylor etal., 1993
Schledzewski et al., 1994

29
41

1
Rice

Ubil

0.8

1
Wheat

Emu

Barley

1

Lolium

1

0.5

8.8

Last et al., 1991

Sugarcane

1
1

0.5

400
10

Rathus et al., 1993
Gallo-Meagher et al., 1993

15.6

10

50

35S = CaMV 35 promoter; 35Si = CaMV 35S promoter in combination with the maize
Adhl intron; Adhl and Emu are used in combination with the Adhl intron; the rice Actl
and maize U bil promoters each is combined with their original intron. Data were
calculated relative to the activity o f the CaMV 35S promoter
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in presence o f ATP. The E2s (ubiquitin-conjugating enzymes) play a key role in
selectivity by helping recognize appropriate targets for ubiquitination (Jentsch et al.,
1992; Vierstra et al., 1993; Gosink et al., 1995). Functions o f E2s are involved in the
transfer o f ATP-activated ubiquitin to the target protein. This transfer consists o f two
steps: 1) formation o f a ubiquitin-E2 intermediate where the C terminal o f ubiquitin is
bound via a thiol ester bond to a specific cysteine within the E2; and 2) synthesis of a
ubiquitin-protein conjugate where the C terminal o f ubiquitin is linked via a isopeptide
bond to a free lysl e-amino group within the target proteins. Many E2s require an
additional factor, E3 or ubiquitin protein ligase, for target recognition and ubiquitin
transfer. However, some E2s interact directly with their targets during in vitro and in vivo
studies (Vierstra et al., 1993; Jentsch et al., 1992). Gosink et al., (1995) demonstrated
modification o f E2s (ubiquitin-conjugating enzymes) by adding protein-binding domains
onto the C-terminal o f the E2s that were sufficient to redirect ubiquitination to specific
substrates. Therefore, engineered E2s open a new window to enhance the removal of the
target proteins. This ubiquitin-dependent proteolytic pathway was extensively
investigated in animal systems since it could be used for regulation o f critical mammalian
genes (Smith et al., 1996; Tanimoto et al., 2000; Turner et al., 2000).
In higher organisms ubiquitin is encoded by two small gene families, referred to
as "polyubiquitin genes" and "ubiquitin fusion genes". Polyubiquitin genes comprise
tandem head to tail repeats o f 228 bp in length, with each repeat encoding 76 amino acids
o f a ubiquitin monomer (Callis et al., 1989). The number o f tandem repeats reported
varies between genes within genomes and between organisms, from three in Dictostylium
to approximately 50 in Trypanosoma cruzi. The last repeat o f polyubiquitin genes always
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encodes a C-terminal peptide extension o f one to several amino acids. These extra amino
acid(s) are hypothesized to serve as a blocking group ensuring that only the monomeric
ubiquitin enters the protein conjugation pathway. In contrast, the ubiquitin fusion gene
family encodes a single repeat fused to one o f two other polypeptides o f either 52 or 7680 amino acids. Both types o f genes are translated as a polyprotein precursor, and then
protealytically processed to the ubiquitin monomers (Callis et al., 1989). In Arabidopsis
the ubiquitin gene family consists of 14 members that can be divided into three types o f
ubiquitin genes; polyubiquitin genes, ubiquitin-like genes and ubiquitin extension genes.
A total of five polyubiquitin genes ranging from three to six repeats were located on two
chromosomes in Arabidopsis. The two polyubiquitin genes UBQ3/UBQ4 were clustered
on chromosome five, while three other polyubiquitin genes UBQ14/UBQ10/UBQ11 were
clustered on chromosome four (Callis et al., 1995). The presence o f multiple, expressed
polyubiquitin genes that differ in repeat number are typical in eukaryotic species (Binet et
al., 1989; Christensen et al., 1989; Binet et al., 1991; Christensen et al., 1992; Garbarino
et al., 1992; Genschik et al., 1992; Kawalleck et al., 1993), with the exception o f yeast
(Saccharomyces cerevisiae) (Ozkaynak et al., 1987). A gene expressing a single
ubiquitin-coding region can complement a deletion o f the polyubiquitin in yeast
(Saccharomyces cerevisiae), suggesting that polyubiquitin is not necessary for ubiquitin
function (Finley et al., 1989). It was proposed that gene duplication followed by unequal
crossing over events gave rise to the repeat number per gene change (Callis et al., 1995).
1.3.2 Expression and Promoter Activity of Plant Ubiquitin Genes
Ubiquitin mRNAs in many organisms are differentially expressed. Expression
studies are most easily carried out using radiolabel led ubiquitin coding regions in

15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

hybridization experiments. Since such hybridizations detect all ubiquitin transcripts, they
can mask substantial differences in the expression of individual genes, making it difficult
to distinguish ubiquitin genes that encode mRNA o f similar molecular weight. Therefore,
gene specific probes a re needed for characterization o f ubiquitin genes. For example,
although the ubiquitin expression in Arabidopsis showed little change in all organs and at
all stages o f growth whten ubiquitin regions were used as probes, the level o f the 1.35 kb
RNA encoded by the UJBQ4 gene varied in different tissues when the specific UBQ4
gene probe was used (Burke et al., 1988; Callis et al., 1989). In potato, three
polyubiquitin genes w ere differentially expressed in response to injury, heat or ethylene
treatments (Garbarino e t al., 1992). In sunflower the tetraubiquitin mRNAs encoded by
the UbiS gene were up-regulated during late embrogenesis and reached high levels in the
dry seed (Almoguera ett al., 1995). In Nicotiana tabacum the Ubi.U4 gene was expressed
in various amounts in tlhe whole plants, except in just-expanded leaves (Genschick et al.,
1994). However, some polyubiquitin genes were reported to be evenly expressed in
different tissues. For example, two sunflower (Helianthus annuus) ubiquitin genes, UbB 1
and UbB2, were expressed constitutively in different tissues (Binet et al., 1991). The
Maize polyubiquitin geme (Christensen et al., 1989; Christensen et al., 1992) was
expressed in the most tissues o f transgenic rice plants (Cornejo et al., 1993). The
polyubiquitin gene Ubi-4 from parsley (Petroselinum crispum) was predominantly
expressed, and its trans*cript was present at comparable levels in all plant organs tested
(Kawalleck et al., 1993).
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Ubiquitin fusion genes have been shown to be regulated differently from
polyubiquitin genes. There are more transcripts encoded by ubiquitin fusion/extension
genes in young tissues compared to mature tissues (Callis et al., 1989; Callis et al., 1990).
Ubiquitin mRNAs encoded by polyubiquitin genes accumulate in response to heat
shock. The two polyubiquitin genes UbB 1 and UbB2 from sunflower were up-regulated
in response to heat shock (Binet et al., 1991), as well as the polyubiquitin genes from
maize (Christensen et al., 1992). The heat shock properties o f polyubiquitin genes are
consistent with heat shock consensus elements found in the 5’-upstream regions of these
polyubiquitin genes (Binet et al., 1991; Christensen et al., 1992). However, The UbiS
gene in sunflower was up-regulated only in leaves in response to the heat shock
(Almoguera et al., 1995). The UBQ4 gene in Arabidopsis was down-regulated in
flowers/buds but not in the leaves (Burke et al., 1988), and the Ubi4-2 gene in
Petroselinum crispum was not responsive to the heat shock treatments (Kawalleck et al.,
1993).
Various plant ubiquitin promoters have been investigated for potential use in plant
transformation systems. The maize polyubiquitin promoter was commonly used in maize
and other monocot plant transformation systems (Christensen et al., 1992, Christensen et
al., 1996). The promoter from Nicotiana tabacum polyubiquitin Ubi.UA gene was
expressed at levels seven-fold higher than CaMV35S in driving the GUS expression in
tobacco protoplasts (Genschik et al., 1994). Promoter activity o f 346 bp 5’ flanking
regions o f UbB 1, a polyubiquitin gene from sunflower, was five times higher than that o f
the CaMV 35S promoter in transformed tobacco (Binet et al., 1991), and the potato
polyubiquitin Ubi7 gene promoter containing the Ubi7 intron and the first ubiquitin-
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coding unit exhibited GUS expression levels at least 10 times higher than clones
containing GUS fused to the CaMV 35S promoter in transgenic potato plants (Gabarino
et al., 1995). However, Norris et al., (1993) reported promoters from Arabidopsis
ubiquitin genes were less active than CaMV 35S promoter in Arabidopsis transformants.
1.3.3 Rice Ubiquitin Genes
Little is known about the rice ubiquitin genes and their promoter activity in plant
transformation systems since only two rice cDNA sequences were previously reported
(Kim et al., 1994; Huq et al., 1997). The objectives of this research were: 1) isolation and
characterization o f ubiquitin genes from rice; 2) evaluation o f the rice ubiquitin
promoters in rice cells and tissues; and 3) development o f transgenic plants using the new
rice ubiquitin promoters. To our knowledge, this is the first report o f isolation of rice
genomic ubiquitin genes and characterization o f rice ubiquitin promoters in plant
transformation systems. We believe that the rice ubiquitin promoters reported here will
facilitate practical development and basic research of transgenic plants.
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CHAPTER 2. ISOLATION AND CHARACTERIZATION OF UBIQUITIN
GENES FROM RICE (ORYZA SATW A L)

2.1 Introduction
Ubiquitin, a 76 amino acid protein, is present in all eukaryotic cells and is one of
the most conserved proteins, differing in only 3 o f 76 amino acids between higher plants
and animals (Callis et al., 1989). Ubiquitin is encoded by small multigenic families
containing two types o f genes: polyubiquitin and ubiquitin extension/fusion genes. The
polyubiquitin gene consists o f tandem repeats o f a 228-bp ubiquitin coding region (Burke
et al., 1988; Binet et al., 1991; Christensen et al., 1992), while the ubiquitin
extension/fusion gene consists of a single ubiquitin coding region linked to a sequence
encoding ribosomal proteins either 52 or 76-81 amino acids in length (Callis et al., 1990;
Garbarino et al., 1994). Both types of genes are translated as a polyprotein precursor and
then protealytically processed to the ubiquitin monomers for ubiquitin function (Callis et
al., 1989). The best characterized function of ubiquitin is its conjugation to target proteins
as a recognition signal for protein degradation (Hochstrasser 1996). Ubiquitin is also
involved in other cellular processes, such as ribosome biosynthesis, chromatin structure
and cell cycle control (Goldknopf et al., 1977; Finly et al., 1989; Rechsteiner 1991).
Various ubiquitin genes have been isolated in a number o f organisms. In yeast
(Saccharomyces cerevisiae), a total of four ubiquitin genes have been characterized, one
of which belongs to the polyubiquitin class (Ozkaynak et al., 1987). In Arabidopsis
thaliana, 14 ubiquitin genes representing the complement o f the ubiquitin gene family
have been isolated, five being polyubiquitin genes (Callis et al., 1995). Ubiquitin
extension/fusion genes in plants are expressed in meristematic tissues and their
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expression is significantly reduced in mature tissues (Callis et al., 1990; Hoffman et al.,
1991; Garbarino et al., 1994). The polyubiquitin genes were reported to be constitutively
expressed in all plant organs tested (Binet et al., 1991; Kawalleck et al., 1993), with an
increased level in young tissues (Burke et al., 1988; Cornejo et al., 1993).
We reported here the isolation and characterization o f four ubiquitin genes from
rice. The long term goal o f this research is to isolate the ubiquitin promoters and test their
potential usefulness in rice and other plant transformation systems.
2.2 Materials and Methods
2.2.1 Screening of Rice Genomic BAC Library.
A bacterial artificial chromosome (BAC) rice genomic library was kindly
provided by Dr. P. Ronald, University o f California, Davis. A 1.3 kb region of the
sugarcane ubiquitin cDNA clone Scubi561 (Albert et al., 1995) was used as a probe for
library screening following the procedures as outlined by Sambrook et al., 1989. Briefly,
filters were prehybridized in 5><Denhardt’s solution, 100 pg/ml denatured salmon sperm
DNA, 6*SSC and 0.5 % SDS for 6 hours at 65°C. Hybridizations were performed
overnight at 65°C in the same buffer containing 32P-labeled probe. Filters were washed
twice at room temperature in 2*SSC, 0.1% SDS and then once at 65°C for 20 min in
0.2*SSC, 0.1% SDS solution. Autoradiography was carried out at -80°C with Kodak
Biomax MS film and one intensifying screen.
2.2.2 Identification of Positive Clones and Subsequent DNA Isolation
Positive clones were identified based on hybridization signals after
autoradiography. Each positive clone was cultured in 500 ml flasks containing 200 ml
liquid LB medium on a gyratory shaker (200 rpm) for 12 hours at 37 °C. Plasmid DNA
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was isolated from these positive clones according to the Molecular Cloning Manual
(Sambrook et al., 1989).
2.2.3 Subcloning for DNA Sequencing
Enzymes were obtained from New England Biolab. Plasmid DNA from positive
clones was digested with various enzymes. When digested with Bglll or Sail restriction
enzymes, DNA from each clone produced several fragments showing hybridization
signals to the ubiquitin cDNA probe (data not shown). These fragments from each clone
were gel-purified and subcloned into corresponding restriction sites o f the vector
pBluescript SK 11+ (Stratagene) as primary clones for DNA sequencing.
2.2.4 High Quality Plasmid DNA Preparation and DNA Sequencing
High quality double stranded DNA was prepared using plasmid mini preparation
kit from Qiagen Inc. DNA sequencing was performed on an ALF-WIN Automatic DNA
sequencer (Pharmacia). Both strands were sequenced using M l 3-40 and M l 3-reverse or
specific oligodeoxyribonucleotides as primers. The M13-40 and M13 reverse primers
were 5'-cyanine-d[CGCCAGGGTTTTCCCAGTCACGAC]-3' and 5'-cyanine
d[TTTCACACAGGAAACAGCTATGAC]-3', respectively. The DNA-bound cyanine
generates fluorescence emission spectra as a marker to indicate positions o f DNA
migration in the sequencing gel. Sequencing reactions (4 reactions, each containing
ddATP, or ddTTP or ddCTP or ddGTP) were prepared using the ALFexpress autocycle
sequencing kit (Pharmacia). A Perkin-Elmer Thermocycler Model 480 was programmed
using the following profile: 94 °C for 1 min, followed by 25 cycles o f the following steps
95 °C for 36 seconds, 50 °C for 36 seconds and 72 °C for 84 seconds.
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The sequencing gel was prepared in the following steps: 1) prepare 200 ml
premixed gel solution, a mixture o f 72g Urea, 30 ml PAGE+, 20ml 10XTBE and 98 ml
water; 2) add 25 ul o f TEMED and 250 ul o f APS to 50 ml premixed gel; 3) immediately
pour the sequencing gel and let it polymerize for at least 2 hours; 4) load samples
(prepared from PCR reaction, denaturing required before loading); 5) run the sequencing
gel at 400-500 volts for 12 hrs. Forty samples (4 reaction/clone) could be loaded in a
single sequencing gel. DNA sequences were automatically generated, and images of
sequencing data were also provided. Sequences could be read up to 800 bases for each
clone.
2.2.5 DNA Sequences Analysis
The ALFexpress DNA sequencer provided appropriate software for DNA
sequence analysis, while DNAsis (Hitachi, CA, USA) and other publicly available
software were also used for data analysis. DNA sequences presented here corresponding
to RUBQ1 and RUBQ2 have been entered into Genbank with accession numbers
A F184279 and A F 184280, respectively.
2.3 Results
2.3.1 Isolation o f Positive Clones
The bacterial artificial chromosome library (BAC) library consisted of 11,000
clones with an average insertion of 125 kb, equivalent to three times the average size of
the haploid rice genome. The library was screened using

P labeled ubiquitin cDNA.

Autoradiography images o f three out of seven membranes (each membrane containing
24x16x4 BAC clones) are shown in Fig. 2.1, where dark spots indicate the positive
clones. A total o f 24 positive clones were obtained from this BAC library. The numbers
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as well as locations o f these positive clones in the BAC library are listed in Table 2.1. If
the BAC library uniformly covers the rice genome, it can be estimated that about 8 (24/3)
ubiquitin genes exist in the rice genome.
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Fig. 2.1 (A-C). Screening o f BAC library for positive clones. The BAC clones were
replicated onto the nylon membranes, each containing 24X16X4 BAC clones. These
membranes were hybridized with 32P-labeled ubiquitin cDNA from sugarcane.
Autoradiography o f three out of seven membranes is presented above. The dark spots
represent putative positive clones.
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Table 2.1. Summary o f 24 putative positive clones identified from screening o f a rice
BAC genomic library.
Clone No.
I
2
3
4
5
6
7
8
9
10
11
12

Plate
3
6
9
9
9
9
9
10
10
10
10
10

Row

Column

M
B
E
E
G
H
I
E
F
F
G
H

7
3
16
17
15
17
16
9
7
9
9
7

Clone No.
13
14
15
16
17
18
19
20
21
22
23
24

Plate
10
10
10
10
10
11
12
18
14
14
18
20

Row

Column

H
H
I
N
K
L
N
A
E
O
M
B

13
14
13
15
13
7
8
9
**>

16
2
20

Since the insert region of the BAC clone is very large, 125 kb on average, short
DNA fragments containing ubiquitin genes were subcloned. The Hindlll restriction
enzyme was chosen to digest DNA from BAC clones. Hindlll-digested DNA would be
likely to produce intact ubiquitin genes since the Hindlll restriction site is not contained
in the ubiquitin gene sequences reported from other plant species such as Arabidopsis
(Callis et al., 1989; Callis et al., 1995) or maize (Christensen et al., 1992).
Southern blot analyses of Hindlll -digested plasmid DNA from 7 positive clones
is shown in Fig. 2.2. Clone 01 contained two DNA fragments (4.8 kb and 8.3 kb)
showing hybridization signals to the ubiquitin cDNA probe. Both Clone 02 and clone 03
contained DNA fragments with a size o f 14 kb showing hybridization signals, and both
clone 15 and clone 24 contained DNA fragments with a size of 8.3 kb showing
hybridization signal to the ubiquitin cDNA probe (Fig. 2.2). However, clones 5 and 6
contained the fragment with a size o f 14 kb showing very faint hybridization signals, as
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did the clone 18 and clone 19 (Fig. 2.2). The clones 1, 2, 3, 15 and 24 were chosen for
further analysis since they showed the strongest hybridization signal to the ubiquitin
cDNA probe.
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Fig. 2. 2. Southern blot o f Hindlll-digested DNA from nine positive clones. Plasmid
DNA from nine positive clones were completely digested with Hindlll, separated in 1%
agrose gel, blotted onto nylon membrane (Hybond-N, Amersham) and then hybridized
with 32P labeled ubiquitin cDNA. The 1Kb DNA ladder (Gibco company) in lanes 1 and
11 were loaded for an accurate estimate o f size of DNA fragments containing ubiquitin
genes.
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Fig. 2.3. Gel image of Hindlll-digested plasmid DNA from five positive BAC clones.
Five positive clones were digested with Hindlll, separated in 1% agarose gel. The
fragments containing ubiquitin sequences based on southern blot results are indicated by
arrows.

Plasmid DNA from BAC clones 1, 2, 3 15 and 24 was digested with Hindlll
enzyme, separated in 1% agarose gel, and stained with ethidium bromide. The gel image
is shown in Fig. 2.3. Corresponding fragments containing ubiquitin genes based on
Southern blot results (Fig. 2.2) were subcloned into the vector pBluescript S K 11+
(Stratagene), including the 4.7 kb and 7.8 kb fragments from clone 01, the 14 kb
fragment from clones 2 and 3, and the 8.3 kb fragment from clones 15 and 14. These
fragments were gel purified, and subcloned into the Hindlll site o f vector pBluescript
SKII+ (Strategene). Subsequent restriction maps of these clones indicated clones 2 and 3
contained the same ubiquitin genes designated as RUBQ1, and clones 15 and 24 also
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contained the same ubiquitin genes designated as RUBQ2. The two genes from clone 1
were designated as RUBQ3 and RUBQ4, contained in the 7.8 and 4.7 kb fragments,
respectively.
2.3.2 Ubiquitin Gene Family in the Rice Genome
Southern blot analysis showed that multiple restriction fragments from rice
genomic DNA hybridized to the ubiquitin cDNA clone Scubi561 (Fig. 2.4). DNA
isolated from three different varieties Gulfinont, Cypress and Jackson produced very
similar hybridization profiles. Five major hybridization bands (14 kb, 11 kb, 8.3 kb, 2.4
kb and 2.2 kb) were observed for DNA digested with Hindlll enzyme and a comparative
number o f major bands were also found for DNA digested with EcoRI or Xbal (Fig. 2.4).

A

B

C _______

H E X H E X H E X
*

Fig.2.4. Southern blot o f rice genomic DNA. DNA from rice plants Gulfinont (A),
Cypress (B) and Jackson (C) were digested with H indlll (H), Xbal (X) and EcoRI (E),
respectively, separated in 1% agarose gel, blotted onto nylon membrane, and then
hybridized with 32P labeled ubiquitin cDNA from sugarcane.
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These major bands appeared to represent fragments containing polyubiquitin genes. In
addition to the major bands, several faint bands were observed, which may reflect
fragments carrying the ubiquitin extension/fusion genes with a single copy o f ubiquitin
monomer. These results indicate ubiquitin is encoded by a small gene family in rice, the
estimated number o f ubiquitin genes based on the number o f hybridized bands was
equivalent to that estimated from positive clones identified from the BAC library.
However, the exact number o f ubiquitin genes remains to be determined.
2.3.3 DNA Sequences and Comparison of Two Polyubiquitin Genes
The restriction maps o f DNA fragments containing RUBQ1 and RUBQ2 are
presented in Fig. 2.5A and B, respectively. The DNA sequences presented here
corresponding to RUBQ1 and RUBQ2 have been entered into Genbank with accession
numbers AF 18427 and AF 18428, respectively.
Both genes contained an open reading frame o f 1,371 bp, arranged as 6 tandem,
head to tail repeats of 228 bp, encoding a hexameric ubiquitin precursor (Fig. 2.5A and
B). The deduced amino acid sequences of the 12 ubiquitin monomers from both genes
were identical to each other and to other ubiquitin sequences in maize (Christensen et al.,
1992) and Arabidopsis thaliana (Burke et al., 1988). The last (sixth) monomer o f both
RUBQ1 and RUBQ2 contained a glutamine extension. The extension o f one to several
amino acid residues at the C-terminal o f the last ubiquitin monomer is a common feature
o f polyubiquitin genes (Callis et al., 1989).
The coding sequences o f RUBQ1 and RUBQ2 genes showed 88% identity to each
other, 88% identity to the maize polyubiquitin gene (Genbank accession No. S94464),
81% to the Arabidopsis thaliana ubiquitin gene (accession No. U84968), and 82% to the
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sunflower ubiquitin gene (accession No. X57004). The coding sequence o f RUBQ1
showed 99% identity to the rice polyubiquitin cDNA clones rubl (Kim et al., 1994) and
Rubql (Huq et al., 1997), suggesting the genomic clone RUBQ1 reported here
corresponded to these two previously isolated cDNA clones.
A putative intron was identified immediately upstream o f the ATG initiation
codon for the RUBQ1 and RUBQ2 genes (Fig. 2.5A and B) based on the consensus
sequences CAAG/gtac at the splice 5’ site and cag/ATG at the splice 3’ site which are
invariant for all plant polyubiquitin genes characterized to date (Binet et al., 1991;
Christensen et al., 1992; Kawalleck et al., 1993; Norris et al., 1993). The position of the
putative intron for RUBQ1 was verified when the sequence o f RUBQ1 was compared to
that o f corresponding cDNA clones rubl (Kim et al., 1994) and Rubql (Huq et al., 1997).
In contrast to the coding region, the RUBQ1 intron varied in length (782 bp) compared to
the RUBQ2 intron (962 bp) and showed only 52% identity with each other.
2.3.4 DNA Sequences and Comparison of Two Ubiquitin Fusion/Extension Genes
The restriction maps o f DNA fragments containing RUBQ3 and RUBQ4 gene are
shown in Fig. 2.6A and B, respectively. These two genes are physically linked at the
same locus since they were from the same BAC clone. DNA sequences for two ubiquitin
fusion genes, RUBQ3 and RUBQ4, were shown in Fig. 2.7A and B, respectively.
Both ubiquitin extension/fusion genes contained one ubiquitin monomer that was
interrupted by an intron at identical positions. These two genes shared 87% identity in the
ubiquitin coding region, and they encoded the same amino acids identical to that encoded
by the two rice polyubiquitin genes. The introns o f RUBQ3 and RUBQ4 were 450 and
560 bp, respectively, in length, and they shared the 55% identity to each other. The
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Fig. 2.5 Restriction maps and organization o f two rice polyubiquitin genes RUBQ1 (A)
and RUBQ2 (B). Restriction maps o f the insert of each genomic clone containing rice
polyubiquitin genes are presented on the top, below is the organization o f the two
polyubiquitin genes based on sequence data. The 5’-upstream regions are indicated as a
solid bar, followed by an intron defined by consensus sequences at 5’ and 3’ splice sites
The six repeats o f ubiquitin-coding region are indicated as open boxes, followed by 3’untranslated regions. Gene specific probes are indicated. H, Hindlll; S, Sail; E, EcoRV;
X, Xhol; P, PstI; B, BamHI; Xb, Xbal; Sp, Spel; C, Clal.
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Fig. 2. 6 Restriction maps and organization o f two rice ubiquitin fusion/extension genes
RUBQ3 (A) and RUBQ4 (B). Restriction maps o f the insert o f each genomic clone
containing ubiquitin fusion/extension genes are presented on the top, below is the
organization o f the two ubiquitin fusion genes based on DNA sequences. The 5’upstream regions are indicated as a solid bar, followed by one repeat o f ubiquitin coding
region (open boxes), which were interrupted with an intron defined by consensus
sequences at 5’ and 3’ splice sites. H, Hindlll; S, Sail; E, EcoRV; X, Xhol; P, PstI; B,
BamHI; Xb, Xbal; Sp, Spel; C, Clal.

introns were marked by consensus elements at the 5' and 3' splice sites. The consensus
elements were 5'-GAAG/gta-3' at 5' splice site and the 5'-tag/GTAT-3' at the 3' splice
site, which is similar to the ubiquitin fusion genes from Arabidopsis (Callis et al., 1990).
The intron boundaries were consistent with the consensus splice site dinucleotides GT
and AG present at the 5' and 3' splice sites, respectively, o f plant gene introns (Hanley
and Schuler 1989). Though the sequences o f the two ubiquitin fusion genes have not yet
been completed (Fig. 2.7A and B), they are likely to be fused to ribosomal sequences,
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Fig. 2.7 DNA sequences of the two rice ubiquitin fusion/extension genes RUBQ3 (A) and
RUBQ4 (B). One copy of ubiquitin coding region was interrupted by an intron shown as
lower case, the deduced amino acids were also presented. The TATA boxes were boxed
in the 5’-upstream regions of both genes.
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Hindlll
AAGCTTTGCTCCGTGTCTGCTTGGGCCATATACACGGACCAGCCCAATAG
CCAGAAGCCTGTAGCTCTCCATGGGCCCGTACTCGTGCCACGTGTCAATC
CTGTGGTTCGGTTTCGTGGCGGTTGCGTTTCCTCCTCTCTCTTTTCTTTT
TCATCTTTTTTTTTTCTTACGACATTTATAGGTTTCGTAGCGGCTGCGTT
TCCTATTTTCCTTTTCTTTTTCTATTTATTTTTATGGGATATTCGCTTTC
GTGGCGGCTGCGTTTCCTCGCCCATATATAAGAGCGGGTGACCACGACTG
CGGCGCGGCGCACCACTCCACCACCACCACCACCACTCCACCGATCGGCG
Bqlll
AGAGCGCGGGGAGATCGTTCGACGGCGGCAAGATGCAGATCTTCGTGAAG
M Q
I F V K
ACGCTGACGGGGAAGACGATCACGCTGGAGGTGGAGAGCAGCGACACCAT
T L T G K T I T L E V E S S D T I
CGACAACGTCAAGGCCAAGATCCAGGACAAGGAAGgtatgct cgcaccgg
D N V K A K I Q D K E G
ccatggtcgccgactcgccgtctctccattcctagccctccccgttctcg
ctgacctgcattgattgctgctttgtttggtgtgctcgatatgctgatat
gttactgtgtttgtgtgcaaatctgtgggtttagtggagtttatgcgctg
tggatatagcagttgcaagtttttgtgggtttagtggaatactgagcaaa
atgcgtaaactctagtagtatcacccatccaatgttgctgcttttctacc
atttttttagatctgtaacagagtagatccatcttgaaaagcgtataaaa
gcccaaaaccttccgattgaatagttcctttccaatttctctggaggcga
tttttttttttataactgtcacgctatactgcacggttaactagatctaa
aaggtcccctgttttcctgttacaataagcaaaaaaagtatgttgtttta
taatctgattcgaactacttgaatagattcctaaaacgttctgtatcctt
ttacatgctgtattgatttgatcctccggtagtgttaatttcatatcacg
ctctgctaagctggaaattgttgaatccgtgtgtgcgcatggtcgaatct
ctctgctgtttaagctgatgaactgtatccatctctgcacaacccgtaca
gGTATCCCGCCGGACCAGCAGCGCCTCATCTTCGCCGGGAAGCAGCTGGA
I P P D Q Q R L I F A G K Q L E
AGACGGCCGCACCCTGGCCGACTACAACATCCAGAAGGAGTCGACGCTGC
D G R T L A D Y N I Q K E S T L H
ACCTGGTGCTCCGCCTCCGCGGCGGCAGCAGGGGCGGCTACACCATCCAG
L V L R L R G G
GAGCCCACCCTCCGGGCTCTTGCGCTCAAGTACAGAGAGAAGAAGAAGGT
CTGCCGCAAGTACGAACTCACGCACGCCCCCGCCCGCCCGCACCTTGATT
CCAGATGATACTAGCTTTGCATCCGCGGCTAACATGAACTGATTTGATTT
CAACCCTGTTCCATCTCCTAATGCAGGTGCTATGCACGCCTTCCCATCAG
GTCTCACCACTGCCGCAAGAAGAAGTGTGGCCACAGCAAGGAGGTGAGCA
TTTCTAAAGTTCCTCTTCGTATGTTAACACACCATTGTTCATGTTCTTGG
CTTTGCTTTGGTCTGAATGCTGGAGATGAATTTTTCTTAGATAGTTGTCA
TACTCCTGTACTTTGTATTGGAAATTCGAAATCGTCATTGGTTGCCTCCG
TGTGCGCTTGTCACGGATTTGGAAATTTGGATAGAGTCGCATCAGTTTGA
ACACCAATTCAGTTCAGTGGTTTGCCCTTTGAATTGTGTTTATTCTAGTG
ATTACTGTGTTCTGCATCGGTTGCAATACACGCTGTACAGTTTTTT
Fig. 2.7A. See Fig. 2.7 for legend

33

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

H in d lll

1
51
101
151
201
251
301
351
401
4 51
501
551
601
651
701
751
801
851
901
951
1001
1051
1101
1151
1201
1251
1301
1351

AAGCTTGTCTGTCTCTACTAGATACCAGGGTTTCATCTTTCGGTTTGGTC
ATTTGGACCAGGGTGCCCGAAATATCGAAATTTCAGAAATTTCGGTTCGA
AAT TAT AT GAAT T T T T GAAC AAAAT TT GATT AAAT T AAACAAAAT AT TAT
CAGATTTGCAAAAAATATGAAAAAAAAATCGGTCGAAATAATGTCGTATC
TGGGTTCGATCCGAAATTTTGAACCCATGCTAGCTGCCAGGCTTTGGATT
CTGAGCGTCACGTCAGGCACAATAAAATATTTGGGCCTCTAACTCTTCGT
GGGCTGATCTGGGCCGTAGCAGACGAGAGAGCCCATGACACGATCTCATC
AATTCCGTAGTGGCCACGGAACTCACGTAGCGCAAATGCCGCTCCCGTTT
CCGCATCGTGCGATTTATCTCCTTTCTGTTTCCGAATTTTATTAGTAGTT
GCGATATTATTAATACAGGTCTCGTAGCGGCCGCGTCTCCTCCTCCCTTA
TATAAAGGCAGCGTTTCTGCAAGTTATTACCCAATCTACACGAGAGAGAG
Bqlll
ATCGTTCGACGCATATAGAGAGAGAGAGAGATAGAGGCAAGATGCAGATC
_
M Q
I
TTCGTGAAGACGCTGACGGGGAAGACGATCACGCTGGAGGTGGAGAGCAG
F V K T L T G K T I T L E V E S S
CGACACCATCGACAACGTCAAGGCCAAGATCCAGGACAAGGAAGgtaata
D T I D N V K A K I Q D K E G
taacacgatatccctagcttcttcgtttgcatgttcatcttgtttaatcg
ttgatgtcttgatgtcgtctcgcgatgatcgactgcacgtacgtacgccg
tacatttgctggcattgctcgtcccgttaatttagtgactcatccttttt
ttcgtacgtcgtgctcttgtgcgtctagacagtagaaatcatgtgttttg
cactagatgcgtggtgggttgatactgccgaaattgttcaatattgtagt
tgtagattagatcgatttgataaccaaaaaggaagccttgtacttttcca
ttacattacataggtctaagcatgcgtgtgtttagtcgcagtaagcacgg
agcaacaaatccaatctagccatctgcttatagttcgtcttcgctgtgta
catgtttctattctgtcttagtagtttaaaacgatatgctagtaccgttt
atctcttgatagggagtgccttcatcgatgacattgctgcataactgtaa
ttaaagactcgtttttcttcgttttcatggattaatatttacttccgagc
ccattcgactagctaaaactcattcatatctctttcactgttgtatatat
agGTATCCCTCCGGACCAGCAGCGCCTCATCTTCGCGGGGAAGCAGCTGG
I P P D Q Q R L I F A G K Q L E
AGGATGGCCGCACCCTGGCCGACTACAACATCCAGAAGGAGTCGAC
D

G

R

T

L

A

D

Y

N

I

Q

K

E

Fig. 2.7B. See Fig. 2.7 for legend
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S

which is frequently found in ubiquitin fusion genes (Callis et al., 1990; Finley et al.,
1989; Garbarino et al., 1994).
The 5'-upstream regions o f the two rice ubiquitin fusion genes were also
sequenced, as showed in Fig. 2.7A and B. The TATA box from RUBQ3 and RUBQ4
were located at bases 276 and 499, respectively. Those two ubiquitin extension genes
shared 54% identity at the 5'-upstream regions.
2.4 Discussion
Various polyubiquitin genes have been isolated (Callis et al., 1989) and the
number o f ubiquitin coding repeats varies from three in Dictostylium to ~50 in
Trypanosoma cruzi (Callis et al., 1989). In Arabidopsis, polyubiquitin genes with 4, 5 and
6 repeats were reported (Callis et al., 1995). It was proposed that gene duplication
followed by unequal crossing over events gave rise to the repeat number per gene change
(Callis et al., 1995). In rice only polyubiquitin genes with 6 repeats were found in our
study. However, polyubiquitin genes with six repeats were predominantly expressed in
rice tissue based on the Northern Blot using the ubiquitin coding region as a probe (see
Chapter 3).
It is interesting to note that the two ubiquitin extension/fusion genes were from
the same BAC clone, indicating these two ubiquitin fusion genes were adjacent on the
same chromosome location. Genes with similar functions clustered on the same
chromosome region have been frequently reported. For example, in Arabidopsis it was
found that ubiquitin genes UBQ3/UBQ4 were clustered on chromosome five, and
UBQ14/UBQ10/UBQ11 were clustered on chromosome four. The two rice ubiquitin
fusion/extension genes RUBQ3 and RUBQ4 could be formed by gene duplication since
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the structure o f the two genes is exactly the same. Although ubiquitin coding regions of
RUBQ3 and RUBQ4 genes exhibited high homology (87%) to each other, and encoded
the same amino acids, DNA sequences in 5’-upstream regions including introns varied
greatly between these two ubiquitin fusion genes.
Introns are characteristic o f eukaryotic genes, and though consensus sequences at
5' and 3' splicing sites do exist, variations occur frequently from gene to gene and species
to species. However, sequences at the splicing site are nearly identical for the same type
o f genes across species, suggesting common origin o f these genes. As we can see from
these four ubiquitin genes, the two polyubiquitin genes have exactly the same elements at
the 5' and 3' splicing sites to mark the intron, and these elements are the same as those
from other polyubiquitin genes in maize (Christensen et al., 1992 ), sunflower (Binet et
al., 1991), and Arabidopsis (Norris et al., 1993). The two ubiquitin extension genes,
RUBQ3 and RUBQ4, also have similar elements at the 5' and 3' splicing sites to mark the
intron. Further investigations are needed to test expression patterns o f these rice ubiquitin
genes in plant tissues, and to determine their promoter activities in rice transformation
systems.
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CHAPTER 3. EXPRESSION AND PROMOTER ACTIVITY OF TWO
POLYUBIQUITIN GENES FROM RICE (ORYZA SATIVA L.)
3.1 Introduction
Polyubiquitin genes have been reported to be constitutively expressed in all plant
organs tested (Binet et al., 1991; Kawalleck et al., 1993), with high levels detected in
young tissues (Burke et al., 1988; Cornejo et al., 1993). However, ubiquitin
extension/fusion genes in plants are expressed in meristematic tissues and their
expression is significantly reduced in mature tissues (Callis et al., 1990; Hoffman et al.,
1991; Garbarino et al., 1994). Differential expression o f ubiquitin genes has been
documented in potato tuber tissues in response to injury and hormone treatment
(Garbarino et al., 1992), and in Nicotiana sylverstris to heavy metal treatment and
pathogen infection (Genschik et al., 1992). Expression o f ubiquitin genes in response to
heat-shocked treatment was reported to be up-regulated (Binet et al., 1991; Christensen et
al., 1992), unchanged (Kawalleck et al., 1993), or down-regulated (Garbino et al., 1992).
Perturbation in the ubiquitin system o f higher plants was found to elicit a hypersensitive
response similar to that caused by pathogen infection (Bachmair et al., 1991; Becker et
al., 1993; K arreretal., 1998).
Various promoters from ubiquitin genes have been tested for their potential use in
plant transformation, including those from Arabidopsis thaliana (Callis et al., 1990;
Norris et al., 1993), sunflower (Binet et al., 1991), Nicotiana tabacum (Genschik et al.,
1994), potato (Garbarino et al., 1994) and maize (Christensen et al., 1992). The maize
polyubiquitin Ubil promoter has been successfully used in maize and other monocot
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transformation systems (Christensen et al., 1992; Cornejo et al., 1993; Christensen et al.,
1996).
We report here two polyubiquitin genes isolated from a rice genomic library, their
expression in different rice plant organs and their response to heat shock treatment. The
possible roles o f the putative regulatory elements in gene expression are discussed.
Furthermore, promoters from the two polyubiquitin genes have been tested for their
potential use in rice transformation. Our results showed that the two rice polyubiquitin
genes were actively expressed in all tissues tested and a high level o f GUS expression
under control o f the two rice polyubiquitin promoters was observed in transformed rice
cells, indicating potential usefulness o f the two rice polyubiquitin promoters in rice and
other monocot transformation systems.
3.2 Materials and Methods
3.2.1 Plant Materials
Eight-month-old rice suspension cells (cv. Taipei 309, provided by Mr. S. Yang,
Dept, o f Plant Pathology and Crop Physiology, Louisiana State University) were
maintained in 200 ml flasks containing 50 ml R2 medium (Kyozuka et al., 1991) on a
gyratory shaker (80 rpm). Cultures were grown in light at 25°C and subcultured once a
week. Rice plants and seedlings (cv. Cypress) were grown in the greenhouse. For heat
shock treatments, the two-week-old seedlings were immersed in pre-heated distilled
water for 20 min at 42°C and allowed to recover for up to 90 min. Similar heat shock
profiles were used in maize (Christensen et al., 1992) and sunflower (Binet et al., 1991)
for characterization o f ubiquitin gene expression in response to heat shock.
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3.2.2 Northern and Southern Bolt Analyses
The 0.33 kb Xhol fragment o f the RUBQ2 coding region (nucleotides 3513 to
3846 o f RUBQ2) was used as a probe for Northern blot analysis. Gene specific probes 3'RUBQ1 (181 bp in length) and 3'-RUBQ2 (218 bp in length) were produced by
polymerase chain reaction (PCR) using primers flanking the 3'-untranlated regions of
RUBQ1 and RUBQ2. Two sets o f primers used to amplify 3'-RUBQl and 3-RUBQ2
were 5'-GTGGCCAGTAAGTCCTCAGC-37 5-GCAAAACGTTTCAGACACCA-3’
and 5-AATCAGCCAGTTTGGTGGAG-3’ /5'-TGCAAATGAGCAAATTGAGC-3’,
respectively. The PCR thermocycle parameters were: 95°C/ 36 sec, 50°C/ 36 sec and
72°C/ 84 sec for 25 cycles. PCR products (3-RUBQ1 and 3-RUBQ2) were gel purified
and 32P-Iabeled using the random primed DNA labeling kit (Boehringer Mannheim) for
Northern and Southern blotting.
Total RNA from leaves, roots, shoot apex and young panicles o f rice plants, and
heat-shocked vs control seedlings (cv. Cypress) were isolated with phenol/SDS extraction
and LiCl precipitation (Ausubel et al., 1992). Total RNA (20 pg per lane) was
electrophoretically separated in 1.0 % agarose-formaldehyde gels, and blotted onto nylon
membranes (Hybond-N, Amersham) (Ausubel et al., 1992). Filters were prehybridized
for 6 hrs at 50°C in 5xSSC, 5*Denhardts, 50 pg/ml salmon sperm and 50% formamide.
Hybridization was performed overnight using the same conditions with addition of 32P
labeled probe (specific activity o f 1x io 6 cpm/ml). Filters were washed twice at room
temperature in 2xSSC and 0.1% SDS for 20 min followed by two, 20 min washes at 50°
C in 0.2xSSC and 0.1% SDS. Autoradiography was carried out with Kodak Biomax MS
film for 6 hours. For Southern blots, DNA was digested with restriction enzymes,
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fractionated by 1.0 % agarose gel electrophoresis and transferred onto nylon membranes
(Hybond-N, Amersham) according to the Molecular Cloning Manual (Sambrook et al.,
1989). Hybridization and subsequent washing conditions were the same as described for
the BAC library screening.
3.2.3 Chimeric Gene Constructions
A 2.2 kb HindlH/EcoRI fragment containing the GUS coding region and nopaline
synthase (NOS) terminator was removed from pBIlOl (Clontech), and ligated into the
corresponding site o f pUC18, generating pRGLl 10. Promoter regions to be tested were
inserted into the polylinker o f pRGLl 10 as a translational fusion to the GUS coding
sequence.
For expression o f the GUS gene under control o f the rice ubiquitin promoters, the
1.7 kb Sail /Xhol and 2.8 kb PstI / Xhol fragments, each containing the 5’-upstream
region and the intron o f RUBQ1 and RUBQ2, respectively, were ligated into the Sail site
(compatible with Xhol site) o f the pRGLl 10, creating pRGLl 11-1 and pRGLl 12-1 (Fig.
3.5). Constructs pRGLl 11-2 and pRGLl 12-2 are the same as pRGLl 11-1 and pRGLl 121, except for inclusion o f an additional 2.7 kb Hindlll/ Sail or 3.3 kb Hindlll/PstI
fragment at the 5’-upstream region o f RUBQ1 and RUBQ2, respectively (Fig. 3.5). All
constructs encoded a fusion protein at the N-terminus, consisting o f a portion (15 amino
acids) of ubiquitin followed by linker sequence of 11 amino acids upstream of the GUS
protein.
For construction o f the chimeric gene containing the RUBQ2 promoter and the
Luciferase (LUC) coding region, the SV 40 terminator in vector pGL3 (Promega,
Madison, WI) was replaced with the NOS terminator, creating pG L3-l. The RUBQ2
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promoter, contained in a 2.8 kb H indlll/ BamHI fragment from pR G Ll 12-1, was bluntended by treating with T4 DNA polymerase (New England Biolab), and ligated into the
blunt-ended H indin site o f the pG L3-l. The resulting construct designated as pRUBQ2LUC (Fig. 3. 5) encoded a fusion protein with 29 amino acids at the N-terminus upstream
of the LUC protein.
Two controls were used for rice transformation. The plasmid pAHC25, containing
a maize polyubiquitin Ubil promoter-GUS cassette, was kindly provided by Dr. P. Quail
(Plant Gene Expression Center, USDA, Albany, CA). Plasmid pB I12l, containing a
CaMV 35S promoter-GUS cassette, was obtained from Clontech (Palo Alto, CA).
3.2.4 Transient GUS and LUC Assays
Approximately 200 mg rice suspension cells (Taipei 309) were evenly distributed
over the surface o f a 70 mm Whatman No. 2 filter paper in a 100x15 mm petri dish for
particle bombardment. Plasmids were precipitated onto gold particles (1.0 pm in
diameter, Biorad) and introduced into suspension cells via particle bombardment
according to the method described by Christou et al. (Christou et al., 1991).
Two independent experiments were conducted as follows: Equimolar amounts of
each of 6 constructs containing the chimeric GUS gene were co-transferred with
pRUBQ2-LUC into suspension cells with four replications. The pRUBQ2-LUC served as
internal control because such elements were reported to improve reliability o f transient
expression studies by controlling variations among replications (Lepetit et al., 1991).
After 48 hrs incubation at 25°C treated suspension cells were transferred into a 50 ml
centrifuge tube with 300 pi lx reporter assay buffer (Promega) and homogenized. Cell
homogenates were centrifuged twice at 10,000g for 10 min at 4°C, then the supernatant
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was transferred to 1.5 ml eppendorf tube and stored at -80 °C until use for both GUS and
LUC assays. The means o f GUS/LUC relative activity were tested for significance with
Duncan’s Multiple Range Test using SAS version 6.12.
For the GUS enzyme assay, 20 pi o f supernatant were assayed according to the
method previously described by Jefferson et al.(1987) in a TKO 100 fluorimeter (Hoefer
Co.). GUS activity was expressed as pmol MU (4-methylumbelliferone)/min. For the
LUC enzyme assay, 20 pi o f supernatant were assayed in a scintillation analyzer
(Packard) using a Luciferase assay system kit (Promega). Measurements began 2 min
after mixing the 20 pi supernatant and the luciferase assay reagent, which took 12
seconds for each sample. The LUC activity was expressed as the number o f counts per
minute (CPM). Measurements based on light emission were standardized with defined
amounts o f purified recombinant luciferase (Promega) (1 light unit (L.U.) is equivalent to
2.8xlO5 CPM).
3.3 Results
3.3.1 5'-Upstream Regions o f RUBQ1 and RUBQ2
DNA sequences o f the 5’-flanking region including the first exon, an intron and
the first 48 nucleotides o f the ubiquitin-coding regions of RUBQ1 and RUBQ2 are
presented in Fig 3.1 A and Fig 3 .IB, respectively.
The 5’-upstream regions o f both genes showed only 53% identity to each other.
Putative regulatory elements wrere found in the 5’-upstream regions o f both genes. For
example, a putative TATA box was observed at position 811 for RUBQ1 gene and
position 1712 for RUBQ2 gene (Fig. 3.1 A and 3 .IB). A heat shock sequence similar to
the Drosophila consensus sequence 5’- CTGGAATnTTCTAGA (Pelham et al., 1982)
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Sal I
G TC G A C CTG ATG ATT ATTTTG TTG A TCATGATTTTCTTTTGG CTATTTG ATTTTTT GAAAGATATTTTTTTCCCTGG GAAG ACACCTATGGG ACGAAGAT
A TTA TG TTA TA TA TA TA TA TA TATA TA TA TATA TA TATA TA TATA TA TA TATA TA TATA TA TATA TC AC A TCA G TCTC TG C A CA A AG TG C ATC C TG G G CT
GCTTCAATTAT A A A G C C C C A ~C A C C A C A T T T G C G A G A T A G T C G A A A A G C A C C A T C A A T A T T G A G C T T C A G G T A T T T T T G G T T G X i;T S5I5C rX C IC A 'rr G
A G TC CG ATA TA TAC C AA A TCA A TATAATTCACTACG GAATATACCATAG CCATCACAACTTTATTAATTTTGG TAG CTTAAGATGGTATATATAATAACC
A ATTA A CA A C TG A TTC TA A T TTT ACTACGGCCCAGTATCTACCAATACAAAACAACGAGTATGTTTTCTTCCGTCGTAATCGTACACAGTACAAAAAAAC
ctggccagcctttgttgggctggggctctctttcgaaaggtcacaaaacgtacacg g cag taacg cccttcgctgcgtgttaacggccaccaaccccgcc

r r /ia fy ia a a i-fw a T r a r a
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CTGCAGAAATGCAAATTTCATAAAACAAACTACTAG TACTGTTTG TTCATTG GTCTTATCCAAAACTTAGCCACTGCAACAAGTTCTTG AACCTTAGCAC
AATC A TATTG TG C ATG C AC TTG TTT ATTGCAAAGAATGGTGCGTAGGGAACACGCATGATTTTTGAATTGCTGGCACATAATTTTATCATTAGAAACTGG
A ATG CA A CA TG TA C CC TTTG TCATGG TTTCTTTCCGAGACATTG CACTGTTTTTTTTAATCCTATCATTATCATAATG CCAAG AACTGGTCACCAACCAG
CATTTTGCATCATGGTTAGTTGAGCTGTCCCCATGTATCAATAGGTGCATTGTATTGGTCCAAAATATAAATGCAGTGGATGCAACCTATCTCATGGCCG
TCAACAAAAGAAATCAAAAGG GAAATGCACCATCTTATATCTCCAGTTTATATG AACAG ATTG GATAAGATCATAAGATCAAGTG GTTTATATTATTTTG
AGGAATATAACATGGATTCATCCTAATCACTCG TCTAGG CAGTATGTG TATTCATGATGG ATATGG TACTATACTACGGAGTTTTTTCTTCACAAAATAA
C CTG TTATT TTG ACCTCCAACCAAACACGAATTATACCAAAAATTGGG TTATT TCATCTATAGTACAACTCTATTATAAACATG CAGTAAATTATCCTAC
AC A TA TA C C A A A A 7T C A A G T G 7A A T A A T C C T AATACACAGACTTAAAAA TCA A AC TA TTTC CTTTTTA A GA TATG GA AA A CC A TTTTTTT AACGGAAGGA
AAACAAATTCGGGTCAAGGCGGAAGCCAGCGCGCCACCCCACGTCAGCGAATACGGAGGCGCGGGGTTGACGGCGTCACCCGGTCCTAACGGCGACCAAC
A AA C CA G C C AG AA G A A ATTA C AG TAA A AA A AAGTAAATTG CACTTTGACCCACCTTTTATTACCCAAAG TTTCAATTTGG ACCACCCTTAAACCTA7CT7
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GGCCGTATACTAGAGCTGATGTGTTTAAGGTCGTTGATTGCACGAGAAAAAAAAATCCAAATCGCAACAATAGCAAATTTATCTAGTTCAAAGTGAAAAG
ATATGTTTAAAGGTAGTCCAAAGTAAAACTTAGGGGCTGTTTGGTTCCCAGCCATACTTTACCATTACTTGCCAACAAAAGTTGCCACACCTTGTCTAAG
GTG AG GTGATCAAATTGTTAGCCACAACTTACTAAGCCTAAGGGAATCTTGCCACACTTTTTTGAGCCATTGACACGTGGGACTTAATTTGTTAGAGGGA
AATCTTGCCACAACTGTGGCTACAACCAAACACCTGTCAAATTTGCCTAACCTTAGGCGTGGCAAACTGTGGCAAAGTGTGGCTTACAACCAAACACACC
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Fig. 3.1. Nucleotide sequences o f the 5’- upstream regions o f rice RUBQ1 (A) and
RUBQ2 (B). The heat shock consensus sequence is boxed. The enhancer core consensus
element is indicated with a black dotted line. The TATA box is underlined. Downstream
o f TATA box is the first exon (the transcription start site remains to be determined),
followed by the intron indicated in lower case. The first 48 nucleotides o f ubiquitin
coding region o f both genes are shown along with their deduced amino acid sequences.
Restriction sites used to construct the ubiquitin promoter-based vectors are indicated.

43
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

was found twice at positions 630 (182 bases upstream o f TATA box) and 652 (160 bases
upstream o f TATA box) for RUBQ1, and once at position 1586 (126 bases upstream o f
the TATA box) for RUBQ2. It is interesting to note that an enhancer core consensus
sequence 5’-GGTGTGGAAA(or TTT)G-3’ (Weiher et al., 1983; Khoury et al., 1983)
was present at position 286 (526 bp upstream o f the TATA box) in the RUBQ1, and at
position 1019 (694 bases upstream o f the TATA box) in the RUBQ2 (Fig. 3.1 A and B).
The G box, GC box or CAAT box was not found near the TATA box o f either
polyubiquitin gene.
3.3.2 RUBQl and RUBQ2 Exist in Rice Genome at a Single Locus
A simple hybridization pattern was generated when the same filter was
sequentially hybridized by the gene specific probes 3'-RUBQl and 3-RUBQ2 (Fig. 3.2B,
Fig. 3.2C). The 3'-RUBQl probe hybridized to a 14 kb fragment in Hindlll-digested
genomic DNA, and the specific fragments in EcoRI or Xbal-digested genomic DNA
were also recognized by the 3’-RUBQl probe (Fig. 3.2B). Similarly, the 3-RUBQ2
probe hybridized to a single 8.3 kb fragment in Hindlll digested genomic DNA and it
also recognized a single specific fragment in EcoRI or Xbal digested genomic DNA (Fig.
3.2C). The results suggest that RUBQl and RUBQ2 exist in the rice genome at a single
locus and demonstrate the utility of 3’-RUBQl and 3’-RUBQ2 as gene-specific probes.
3.3.3 Expression of RUBQl and RUBQ2 in Rice Tissues
Total RNA isolated from different rice plant organs (cv. Cypress) was analyzed
by Northern blot analysis using the ubiquitin coding region o f RUBQ2 and gene specific
regions 3’-RUBQl and 3’-RUBQ2 as hybridization probes (Fig.3.3). Hybridization with
the RUBQ2 ubiquitin coding region probe detected one predominant band with an
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Fig. 3.2 Southern blot analysis o f rice genomic ubiquitin genes. Two p.g DNA isolated
from seedlings o f rice variety Cypress were digested with Hindlll (H), EcoRI (E) and
Xbal (X) as indicated. The filter was sequentially hybridized with sugarcane ubiquitin
cDNA clone Scubi561 (A), gene specific probe 3’-RUBQl (B) and 3’-RUBQ2 (C).

estimated size o f 1.9 kb. This 1.9 kb transcript was present in all tissues tested, which
included old leaves, fully developed leaves, immature leaves, young panicles, roots of
seedlings and vegetative shoot apex.
Gene specific probes 3'-RUBQl and 3-RUBQ2 were used to assay for gene
specific expression. As expected, the gene specific probes specifically hybridized to the
1.9 kb transcript with active expression o f both RUBQl and RUBQ2 in all tissues tested
(Fig. 3.3). Differential expression o f the two genes was observed in roots, where
expression o f RUBQ2 was substantially higher than that of RUBQl.
3.3.4 Expression of RUBQl and RUBQ2 in Response to Heat Shock
The effect of heat shock on expression o f ubiquitin RNA was examined by
Northern blot analysis using the ubiquitin (RUBQ2) coding region as a probe. The level
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Fig. 3.3 Northern blot analysis o f ubiquitin expression in rice tissues. Total RNA (20 pg
per lane) was prepared from old leaves (ol), full-developed leaves (fl), young leaves (yl),
panicle (p), roots (r) and shoot apex (sa). The filter was sequentially hybridized with three
probes: ubiquitin coding region o f RUBQ2, gene specific probes 3’-RUBQl and 3!RUBQ2. Finally, a 24-base antisense oligonucleotide to rice 18S rRNA was labeled with
[y-32P] ATP (Amersham) and T4 polynucleotide kinase (NE Biolabs) and used as an
internal control.
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of 1.9 kb transcript was increased immediately after 20 min heat shock treatment at 42°C
and accumulated over a 90 min period (Fig. 3.4). To test whether the increased
abundance was due to higher transcript levels o f RUBQl or RUBQ2 or both genes.
Northern blots o f heat shocked RNAs were hybridized with gene specific probes 3'RUBQ1 and 3’-RUBQ2. The results shown in Fig. 3.4 indicate expression o f both genes
was up-regulated in response to heat shock, which was consistent with the heat-shock
sequence located in the 5’-upstream regions o f both genes.

3’-RUBQl

3-RU BQ 2

18S rRNA

Fig. 3.4 Northern blot analysis o f rice ubiquitin expression in response to heat shock
treatment. Two-week old seedlings o f rice variety Cypress were heat-shocked at 42°C for
20 min. Total RNA (20 pg per lane) was prepared from unshocked rice seedlings (lane
1), or heat-shocked seedlings allowed to recover for 0 min (lane 2), 30 min (lane 3) and
90 min (lane 4). The filter was sequentially hybridized with ubiquitin coding region o f
RUBQ2, gene specific probe 3’-RUBQl and 3’-RUBQ2. The filter was then probed with
a 24-base antisense oligonucleotide to rice 18S rRNA.
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3.3.5 Transient Expression o f Rice Ubiquitin Promoters in Rice Suspension Cells
Fig. 3.5 shows schematic features of chimeric genes containing rice ubiquitin
promoters. These constructs were co-transferred with pRUBQ2-LUC into rice suspension
cells via particle bombardment. Both GUS (pmol MU/min) and LUC (Light Unit)
activities were determined and their relative values are shown in Table 3.1. Results across
two independent experiments were consistent though the overall GUS/LUC relative
activities were greater in experiment 1 than in experiment 2.

Table 3.1. Expression o f chimeric GUS genes transferred into rice suspension cells via
particle bombardment. Each construct was co-transferred with pRUBQ2-LUC that served
as internal control (see Materials and Methods). Means o f GUS/LUC ratios from four
replicates are shown for two independent experiments.

GUS/LUC ratios

Transferred DNA
Construct
pRGLl 12-1
pRGLl 12-2
pRGLl 11-1
pRGLl 11-2
pHAC25 (CK)
pBI121 (CK)

Experiment #1
3.82 a
2.58 b
2.86 b
2 .8 4 b
0.79 c
0.23 d

Fold
16.9
11.4
12.7
12.5
3.5
1

Experiment #2
16.00 a
11.17 b
9.92 b
8.45 b
4.23 0
0.95 d

Fold
16.8
11.7
10.4
8.9
4.4
1

D ata w ith different superscript letters are significantly d ifferent from
each other a t the 5% level based on D uncan’s M ultiple R an g e test.

As shown in Table 3.1, constructs pRGLl 11-1 and pR G Ll 11-2 produced similar
levels of GUS activity, which suggested that the additional 5!-flanking region (2.7 kb) in
pRGLl 11-2 did not contribute to increased promoter activity o f RUBQl. The GUS
activity produced by pRGLl 12-2 was similar to that produced by pRGLl 11-1 and
pRGLl 11-2. However, construct pRGLl 12-2 produced a reduced level of GUS activity
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Fig. 3.5. Schematic representation of constructs containing rice ubiquitin
promoter and GUS or LUC chimeric genes. The sizes o f 5’-upstream
regions (RU BQ l-P and RUBQ2-P) and introns o f RUBQl and RUBQ2
are indicated. Additional 5’-flanking regions are indicated as open boxes
in plasmids pR G Ll 11-2 and pRGLl 12-2. H, H indlll; P, PstI; S, Sail; El,
EcoRI; EV, EcoRV; X, Xhol; Xb, Xbal; B, BamHI; Sm, Smal; Sp, Spel;
C, Clal.
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(GUS/LUC ratio o f 11.17) compared to that (GUS/LUC ratio of 16.00) obtained by
pRGLl 12-1, indicating the additional 5’-flanking region (3.3 kb) in pRGLl 12-2 may
reduce transformation efficiency or contain negative regulatory elements. Activity o f the
RUBQ2 promoter appeared to be 1.5 times that o f the RUBQl promoter in rice
suspension cells when the levels of GUS activity produced by pRGLl 11-1 and
pRGLl 12-1 were compared.
Higher levels o f GUS expression were observed from rice suspension cells
transformed with constructs containing the rice ubiquitin promoter-GUS chimeric genes
than those using the CaMV 35S or maize ubil promoter (Table 3.1). GUS activity from
constructs pRGLl 11-1 and pRGLl 12-1 in rice suspension cells was 10 to 15 fold greater
than the construct pBI121 (CaMV 35S-GUS), and 2 to 3 fold greater than pHAC25
(maize Ubil-GUS), indicating the potential usefulness of the two rice polyubiquitin
promoters in rice or other monocot transformation systems.
3.4 Discussion
We report here the isolation and characterization of two polyubiquitin genes from
rice. The observed sequence variation in the 5’-upstream region and the intron between
these two polyubiquitin genes implied their expression may be differentially regulated.
Northern blot analyses using the 3’-untranslated region as gene specific probes showed
both genes were actively expressed in all rice plant tissues tested, and differential
expression was observed in roots where RUBQ2 appeared to be more abundantly
expressed. The differential expressions o f polyubiquitin genes have been reported in
other plants. For example, expression o f three polyubiquitin genes in potato tubers was
differentially regulated in response to injury, heat, or ethylene treatment (Garbarino et al.,
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1992). Differential expression o f polyubiquitin genes in Arabidopsis thaliana was also
demonstrated with Northern blot analysis (Burke et al., 1988). However, two sunflower
polyubiquitin genes appeared to be expressed at similar levels in different tissues, which
could be explained by considerable sequence similarity between promoters of the two
sunflower polyubiquitin genes (Binet et al., 1991).
Though 5’-upstream regions of the two rice polyubiquitin genes showed only
53% sequence identity to each other, they consisted o f the same putative regulatory
elements, such as enhancer core and heat shock consensus elements. The enhancer core
elements found in the 5’-upstream regions o f RUBQl and RUBQ2, namely
GTTGTGGTTGG and GTTGTGGTTTG, were 82 percent and 91 percent homologous,
respectively, to the enhancer core consensus element GGTGTGGAAA(orTTT)G found
in animal systems (Khoury et al., 1983; Weiher et al., 1983). A similar sequence
GCCGTGGTTTG was found in the maize adhl promoter, located within the region
defined as an anaerobic responsive element (ARE) (Olive et al., 1990), showing 82
percent homology to the enhancer core consensus element. The maize adhl promoter was
most active in anaerobically induced root tissues (Kyozuka et al., 1991), and a
substitution mutation in the enhancer core element in the maize adhl promoter
contributed to a reduced anaerobic response in roots o f transgenic rice plants (Kyozuka et
al, 1994). We speculate that the enhancer core element found in the two rice
polyubiquitin genes may help relate gene expression in roots. However, functions o f the
enhancer core element may not be restricted to roots. For example, part of the enhancer
core element (TGTGGTT) defined as a pollen box (PB) m otif is present in the promoters
o f potato genes Lat52, Lat56, and Lat59, and a GG doublet in the PB core is critical for
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expression in pollen (Tweel et al., 1991). It is likely that the enhancer core element in the
two rice polyubiquitin genes serves as a global enhancement o f gene expression, though
its exact function(s) in plant genes remains to be determined.
Expression of both rice polyubiquitin genes were induced in response to heat
shock treatment, which is consistent with heat shock elements found in the 5’-upstream
regions o f both rice polyubiquitin genes. Heat shock elements have also been reported in
the 5’-upstream regions o f polyubiquitin genes from maize (Christensen et al., 1992),
sunflower (Binet et al., 1991) and Nicotiana tabacum (Genschik et al., 1994). The
consensus heat shock element in Drosophila was defined as CTGGAATNTTCTAG
(Pelham 1982). Amin et al (1988) demonstrated that presence o f a single module o f an
inverted repeat (nGAAn) was sufficient for heat shock induction and deviations from the
consensus sequence were tolerant if larger arrays o f the repeats occurred. The heat shock
element in the RUBQ2 fits the single module o f an inverted repeat (nGAAn), while
deviations from consensus sequence occur in the two heat shock elements found in the
RUBQl which is similar to those in the maize polyubiquitin gene (Christensen et al.,
1992). Little is known about the position effect o f the heat shock element on the
magnitude o f response to heat shock treatment. The heat shock element is closer to the
TATA box in the RUBQ2 than those in the RU BQ l, but comparison o f the position
effect is not possible since variation occurs in the sequences and the copy number o f the
heat shock elements found in the promoter regions.
Activity o f the RUBQ2 promoter appeared to be 1.5 times that o f the RUBQ1
promoter in driving GUS expression in rice suspension cells. In addition, the RUBQ2
promoter was also shown to be more efficient than the RUBQ 1 promoter in directing
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reporter gene expression in transgenic rice plants. Several factors may contribute to the
enhanced expression o f the RUBQ2 promoter. First, the RUBQ2 promoter contains 1 kb
longer 5’-upstream region than does the RUBQl promoter. Second, sequence variations
between the 5’-upstream regions and introns o f the two rice polyubiquitin genes may
contribute to differences in gene expression levels. In comparison, promoter regions of
three polyubiquitin genes from Arabidopsis thaliana were reported to be quantitatively
similar in driving transient GUS expression in Arabidopsis thaliana leaves (Norris et al.,
1993). Their differential expression could be revealed in transgenic plants since
differential expression o f Arabidopsis thaliana polyubiquitin genes were shown by
Northern blot analysis (Burke et al., 1988). Alternatively, the additional 5’-upstream
regions or 3 ’-untranslational regions that were not included in the expression cassette
were determinants o f the differential expression (Norris et al., 1993).
Transient GUS expression showed that constructs containing RUBQl and
RUBQ2 promoters produced 10 to 15 fold greater GUS activity than pBI121 (CaMV
35S-GUS), and 2 to 3 fold greater than pHAC25 (maize Ubil-GUS). The CaMV 35S
promoter is widely used in both monocot and dicot transformation systems (Christou et
al., 1996), while the maize Ubil-promoter was shown to be more efficient than the
CaMV 35S promoter in many monocot transformation systems including rice
(Christensen et al., 1992). Though direct comparisons o f the rice ubiquitin promoter
versus CaMV 35S or maize Ubil promoter in transgenic rice are needed to provide more
information about their relative efficiency, the rice ubiquitin promoters reported here
should be useful in rice and other monocot transformation studies.
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CHAPTER 4. RICE UBIQUITIN PROMOTERS: DELETION ANALYSIS AND
POTENTIAL USEFULNESS IN PLANT TRANSFORMATION SYSTEMS

4.1 Introduction
Advances in biotechnology now make it possible to transfer genes into many
agriculturally important species. Though success in transgenic plant development
depends on several factors such as optimization o f cell culture conditions and choice of
suitable transfer methods, use o f an appropriate promoter is crucial to ensure the success
o f transgenic plant development (McElroy et al, 1990). The CaMV35S promoter has been
widely used in both monocot and dicot plant transformation systems, but its activity is
relatively low in monocot plants (Zhang et al., 1990; Peterhans et al., 1990). Promoters
from the rice actin gene and the maize polyubiquitin gene have been considered to be
viable alternatives in rice and other monocot transformation systems (McElroy et al,
1990; Christensen et al., 1996).
Ubiquitin is one of the most conserved eukaryotic proteins whose primary
function is selective degradation o f target proteins (Callis et al., 1989; Hochstrasser,
1996). Various ubiquitin genes have been isolated and their promoters have been tested in
plant transformation systems including ubiquitin promoters from maize (Christensen et
al, 1992), Arabidopsis (Callis et al, 1990, Norris et al., 1993), potato (Garbarino et al,
1994), sunflower (Binet et al, 1991), and Nicotiana tabacum (Genschik et al, 1994). All
ubiquitin promoters evaluated except those o f Arabidopsis polyubiquitin genes (Norris et
al., 1993) showed higher activity than the CaMV35S promoter. In a previous study (see
Chapter 3), we demonstrated strong activity o f the rice ubiquitin promoters in
transformed rice suspension cells. In the study reported here, we further tested the rice
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ubiquitin promoter in stably transformed calli as well as transgenic rice plants. Our
results further demonstrate the usefulness o f the two rice polyubiquitin promoters in rice
and other monocot transformation systems.
Very little information has been reported on cis-acting elements involved in
transcriptional regulation o f ubiquitin, which is crucial to elucidate mechanisms of strong
promoter activity. Deletion analysis of ubiquitin promoters from sunflower (Binet et al.,
1991) and Nicotiana tabacum (Genschik et al., 1994) indicated that cis-acting elements
were close to the TATA box. Like heat shock sequences found in several polyubiquitin
genes from maize (Christensen et al., 1992), sunflower (Binet et al., 1991), and rice (see
Chapter 3), an enhancer sequence was also detected in promoter regions o f two rice
polyubiquitin genes (see Chapter 3). A search o f the plant gene database revealed similar
enhancer elements were present in promoter regions o f polyubiquitin genes from
Nicotiana tabacum (Genschick et al., 1994), maize (Christensen et al., 1992), and other
plant genes, such as maize Adhl (Olive et al., 1991; Kyozuka et al., 1994). In this report,
we demonstrate that a 70 bp 5' upstream region from base 974 to base1047 of the
RUBQ2 promoter, where the enhancer-region was located, contributed to a 2.5-fold
increase in transient GUS gene expression.
4.2 Materials and Methods:
4.2.1 Construction o f Plasmids and Deletions
Plasmids pRGLl 11-1, pRGLl 12-1, and pRUBQ2-LUC were previously
described (see Fig 3.5 in Chapter 3), which consisted o f RUBQl-GUS, RUBQ2-GUS and
RUBQ2-LUC chimeric genes, respectively. Four deletions in the 5’-upstream region of
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RUBQ2 were prepared by the polymerase chain reaction (PCR), and fused by
transcription or translation configurations to the GUS gene (Fig. 4.1).
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Fig. 4.1 Constructions o f deletions in the 5'-upstream region of the RUBQ2 gene.
Construction o f the pRGLl 12-1 with RUBQ2 promoter translational fusion to GUS gene
was described previously (Chapter 3). Four deletions in the 5'-upstream region o f
RUBQ2 were prepared by PCR, and fused by transcription or translation configurations
to the GUS gene (see Materials and Methods).

The piasmid pRGLl 12-3 containing the RUBQ2 promoter in a transcriptional
configuration to the GUS gene was constructed as follows: the upstream primer 5’CCCAGTCACGACGTTGTAAAACG was part o f vector pUC18 sequences, and
downstream primer 3 ’-gggatagacaaaccactaataaagacgtcTACG-5’ was located in the region
o f intron-exon junction o f RUBQ2 gene. The introduced PstI site gacgtc is a point
deletion compared to the original sequences gaacgtc. After PCR amplification using
pRGLl 12-1 vector as template, the PCR fragment was digested with Pst I enzyme, the
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gel-purified PstI fragment was used to insert into a promoterless-GUS vector pRGLl 10
(see Chapter 3), to generate pRGLl 12-3 with the RUBQ2 promoter in transcriptional
configuration to the GUS gene. The pRGLl 12-4 and pRGLl 12-5 vectors were created
using upstream primer 5 ’-GCGAAGCTTGGACCACCCTTAAACCTATC at base 974
and 5’-GCGAAGCTTCGTCATGTCTAACTTCCCT at base 1047 o f RUBQ2 promoter
(see Fig 3.1, Chapter 3), respectively, and the downstream primer was the same as above.
The PCR fragments were digested with HindlH/Pstl, inserting into the promoterless GUS
vector pRGLl 10. The intron o f RUBQ2 was removed by digestion o f pRGLl 12-1 with
Bgl II enzyme and self-religated to create the plasmid pRGLl 12-6.
Plasmids pRGL127 and pRGL128 were constructed by insertion o f 35S-hph
cassettes from pBS21 into the respective plasmids pRGLl 11-1 and pRGLl 12-1; the
pRGL131 contained a 35S-hph cassette and a 35S-GUS cassette from pBI121 (Clontech)
(Fig. 4.2). The hygromycin resistance gene (hph) (Zhang et al., 1991) was used as a
selective marker. The BAR gene (Thompson et al, 1987) under control o f the RUBQ2
promoter were constructed by replacing the GUS gene (a 2.2 kb BamHI/EcoRI fragment)
o f pRGLl28 with the BAR coding sequence (a 700 bp BamHI/EcoRI fragment) from
pHAC25 (Fig. 4.2). The BAR gene encodes for phospinothricin acetytransferase (PAT)
that inactivates phosphinothricin (PPT), the active ingredient o f the herbicide glufosinate.
4.2.2 Rice Transformation
Ten month-old rice suspension cells (cv. Teipei309) were m aintained in 200 ml
flasks containing 50 ml R2 medium (Kyozuka and Shimamoto, 1991) and subcultured
once a week. Each plasmid containing the GUS gene driven by various RUBQ2 promoter
deletions (Fig. 4.1) was co-transferred into rice suspension cells with pRUBQ2-LUC via
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Fig.4.2 Schematic representation of constructs pRGL127, pRGL128, pRGL131 and
pRGLl 29 used in development o f transgenic rice plants. The relative size o f promoter,
intron, and structural gene coding regions are indicated. H: Hind III; P: Pst I; S Sal I; El:
EcoR I; X: Xba I; B: BamH I; Sm: Sma I.

particle bombardment. pRUBQ2-LUC served as internal control to minimize variations
among replications. Both GUS and LUC activity from the bombarded cells were
measured according to the procedures described previously (see Materials and methods,
Chapter 3). For development o f transgenic rice plants, 2-month old suspension cells (cv.
Taipei 309) were transformed with plasmids pRGL127 (RUBQ1-GUS), pRGL128
(RUBQ2-GUS), pR G L l31 (35S-GUS) and pRGLl29 (RUBQ2-BAR), respectively, via
particle bombardment. All four constructs contained the hph gene under control of the
CaMV35S promoter as a selective marker. Two days after particle bombardment, cells
were transferred onto MS solid medium containing 4 ppm 2 ,4-D and 30 ppm
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hygromycin and m aintained for one month at room temperature. Hygromycin resistant
calli were subsequently transferred onto MS regeneration medium for plant regeneration
(Kyozuka et al., 1991) containing 2 ppm kinetin, 0.1 ppm naphthalene acetic acid (NAA),
and 30 ppm hygromycin. Plants regenerated from these resistant calli were designated as
R0 plants, and selfed progeny from R0 plants was designated as R1 plants. These R0 and
R1 plants were grown in the greenhouse for further evaluation.
4.2.3 GUS Expression Assay in Stably Transformed Calli and Transgenic Rice
Plants
Approximately 40 mg o f leaf material from each R0 and R1 plant were ground in
liquid nitrogen and m ixed with 400 pi o f 100 mM potassium phosphate pH 7.8, 1 mM
EDTA, 7mM 2-mercaptoethanol (extraction buffer). Extracts were spun two times at
11000 g for 10 min at 4 °C, and 20 pi o f the supernatant were assayed in a TKO 100
fluorimeter (Hoefer Co.) according to Jefferson et al., 1987. GUS activity was expressed
as pmol MU (4-methylumbelliferone)/min/mg fresh tissue. Histochemical localization o f
GUS activity in different tissues o f transgenic rice plants was monitored by adding the
GUS substrate 5-bromo-4-chloro-3-indolyl-beta-glucuronide (X-Glu) as previously
described (Jefferson et al, 1987; Battraw et al., 1990).
4.2.4 DNA Isolation and Southern Blots
DNA was isolated from each independent R0 plant and derived R1 progeny. DNA
from the control and transformants were digested with H indlll and/or EcoRI enzymes,
electrophoretically separated in a 1.0% agrose gel and transferred onto nylon membranes
according to the M olecular Cloning Manual (Sambrook et al., 1989). The GUS gene (1.8
kb Xbal/Sac I) from pRG Ll 12-1 and the BAR gene (0.7 kb BamHl/SacI) from pHAC25
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were used as probes that were 32P-labled using the Random Primed DNA Labeling Kit
(Boehringer Mannheim).
4.2.5 Herbicide Treatment
Resistance to glufosinate (herbicide, Hoechst, Inc) was examined in the RO plants
derived from cells transformed with pRGL129 (RUBQ2-BAR). Untransformed and
transformed rice plants at the early tillering stage were sprayed with a 1% (V/V)
glufosinate, and 0.1%(v/v) Tween 20 solution. Changes in the morphology and
pigmentation o f plants were monitored 2 week after herbicide treatment.
4.3 Results
4.3.1 Deletion Analysis o f the Rice Ubiquitin Promoter
Deletions in the 5’-upstream region of the RUBQ2 gene were created to
determine which DNA sequences, if any, could enhance RUBQ2 promoter activity. As
shown in Table 4.1, plasmid pRGLl 12-4 with a 974 bp deletion in the 5' upstream region
o f RUBQ2 showed no significant reduction in GUS activity compared to plasmid
pRGLl 12-1 with the full-length promoter. However, pR G Ll 12-5 with a 1047 deletion in
the 5’-upstream region o f RUBQ2 promoter reduced GUS expression by 2.5 fold when
compared to controls.
The difference between pRGLl 12-4 and pRGLl 12-5 is that the RUBQ2 promoter
is 70 bp shorter in pRGLl 12-5, compared to that in pRGLl 12-4. This deleted 70 bp
contained the sequence GTTGTGGTTTG that showed 10 o f 11 identical sequences to
enhancer core consensus element GGTGTGGAAA(orTTT)G found in animal genes
(Khoury et al., 1983; Weiher et al., 1983). GUS expression from pRGLl 12-6 (intron
deleted) was reduced to background level, indicating promoter activity was dependent on
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Table 4.1. Expression o f GUS genes driven by various deletions o f RUBQ2 promoter in
Taipei 309 suspension cells. Each construct was co-transferred with pRUBQ2-LUC via
particle bombardment. Means o f GUS/LUC ratios were from 4 replicates.
Transferred DNA Construct

GUS/LUC ratio**

PRGLl 12-1 (Translational fusion)

13.1a

PRGLl 12-3 (Transcriptional fusion)

12.3 a

PRGLl 12-4 (deleted to base 974)

11.3 a

PRGLl 12-5 (deleted to base 1047)

4.7 b

PRGLl 12-6 (intron deleted)

0.06 c

No plasmid (control)

0.04 c

**Data with different superscript letters (a-c) are significantly different from each other
at the 5% level based on Duncan's Multiple Range Test.

presence o f its own intron. There was no significant difference in expression of the GUS
gene driven by the RUBQ2 promoter either in a translational (pRGLl 12-1, Fig. 4.1) or a
transcriptional (pRGLl 12-3, Fig. 4.1) configuration (Table 4.1).
4.3.2 GUS Expression in Stably Transformed Calli
Plasmids pRGL127 (RUBQ1-GUS), pRGL128 (RUBQ2-GUS) and pRGL131
(35S-GUS) were transferred into rice suspension cells via particle bombardment. All
three plasmids contained the hph gene under control of the 35S promoter as a selectable
marker. Ten independent hygromycin resistant calli from cells transformed with each
plasmid were randomly selected for GUS expression assays. All resistant calli showed
GUS expression after incubation o f resistant calli with GUS substrate (X-Gluc),
indicating GUS and hph genes were both transformed into the plant cells. Average GUS
expression from plasmids pRGL127 (RUBQ1-GUS) and pRGL128 (RUBQ2-GUS) was
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22 and 48-fold greater, respectively, than those from a construct containing the 35S
promoter in stably transformed calli (Table 4.2). The average GUS expression from
construct pRGL128 (RUBQ2-GUS) (996.53 MU pmol/mg fresh cells/min) was two
times than expression from construct pRGL127 (RUBQ1-GUS) (458.32 MU pmol/mg
fresh cells/min), indicating RUBQ2 promoter was more active than RUBQl promoter in
stably transformed calli, which is consistent with results from previous transient GUS
expression assays in rice suspension cells (see Chapter 3).

Table 4.2. Means o f GUS activity (MU pmol/mg-fresh cells/m in) in stably transformed
Taipei 309 calli containing CaMV35S, RU BQ l, or RUBQ2 promoters.
Construct

PRGLl28 (RUBQ2-GUS)
PRGLl27 (RUBQl-GUS)
PRGL131 (35S-GUS)
Control

No. o f indep.
Resistant calli

GUS activity**
996.53 a
458.32 b
20.73 c
1.17 d

10
10
10
5

Fold
48
22
1

**Data with different superscript letters (a-d) are significantly different from each other
at the 5% level based on Duncan’s Multiple Range test.

4.3.3 GUS Expression Analysis in Transgenic Rice Plants
More than twenty independent R0 transgenic plants were regenerated from
hygromycin resistant calli transformed with plasmids pRGLl27 (RUBQl-GUS),
pRGL128 (RUBQ2-GUS) and pRGL131 (35S-GUS), respectively. Unlike stablytransformed hygromycin resistant calli that exhibited GUS activity, some R0 primary
transformants showed no GUS expression. Only 11 of 23 independent R0 transgenic
plants containing construct pRGLl31 (35S-GUS) showed GUS expression. In contrast,
GUS expression was detected in all 17 independent R0 plants containing construct
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pR G L l27 (RUBQl-GUS), and 23 o f 25 independent RO plants containing construct
pRGL128 (RUBQ2-GUS). GUS expression levels o f RO plants are summarized in Table
4.3. The average GUS expression level from construct containing the RUBQl and
RUBQ2 promoters were 8 to 11 times and 28 to 35 times g reater, respectively, than
those from a construct containing the 35S promoter in RO transgenic plants. Average
GUS expression levels from construct containing the RUBQ2 promoter was also
significantly higher than that from the construct containing the RUBQl promoter at
tillering and heading stages o f transgenic plants (Table 4.3). Based on t-tests, there was
no significant difference o f GUS expression level from each construct between tillering
stages and heading stage, indicating these promoters maintained similar levels of
activities over the growing stage of the transgenic rice plants.

Table 4.3. Means o f GUS expression levels (MU pmol/mg-fresh cells/min) from leaf
tissue o f independent RO transgenic plants containing constructs made from the rice
ubiquitin promoters and CaMV35S promoter at tillering and heading stages.

Construct

No. o f
plants

Tillering stage*
GUS activity
Fold

Heading stage**
GUS activity
Fold

PRGL128
(RUBQ2-GUS)

23

555.40a

28

755.70 a

35

PRGLl 27
(RUBQl-GUS)

17

229.19b

11

169.99 b

8

PRGLl 31
(35S-GUS)
Control

11

20.07c

1

21.56 c

1

5

1.18

1.37

a_dData with different superscript letters (a-c) are significantly different from each other
at the 5% level based on Duncan’s Multiple Range test.
** Heading is defined as growth stage when panicle has just frilly emerged from the
thickened stem or boot.
*Tillering stage occurred 60 days after planting.
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4.3.4 Histochimical Localization of GUS Activity in Transgenic Rice Plants
After incubation with X-Gluc according to the method described by Jefferson et
al., (1987), GUS expression (blue color) was immediately visualized in roots, shoot apex,
leaves, pollens from transgenic plants containing either RUBQl or RUBQ2 promoter
(data not shown), while GUS expression in tissues from transgenic plants containing 35S
promoter was very low and required several hours/ovemight to visualize blue precipitate.
Similar results were observed in stable GUS expression in embryogenic calli, where GUS
expression was immediately visualized in these cells containing constructs with RUBQl
or RUBQ2 promoter after incubation with X-Gluc.
4.3.5 Segregation o f Transgenes in R1 Generations
Three R1 progeny derived from independent RO transgenic plants transformed
with pRGL127 (RUBQ1-GUS) and four R1 progeny with pRGL!28 (RUBQ2-GUS)
were evaluated for transgene (GUS) segregation. In all 7 selfed R1 progeny tested,
segregation o f GUS expression fit a 3 (GUS-positive) to l(GUS-negative) Mendelian
inheritance pattern (Table 4.4). Due to poor seedset of transgenic RO plants containing
pRGL131 (CaMV35S-GUS), evaluation o f segregation o f GUS expression driven by the
35S promoter was not performed.
Southern blot analyses o f RO plants and derived R1 progeny containing construct
pRGL127 or pRGL128 is presented in Fig. 4.3 and Fig. 4.4, respectively. Three RO
transgenic plants RO-127-14, RO-127-8 and R0-127-20 contained one copy o f the intact
transgene (GUS) with expected size o f 2.5 kb, along with several copies o f the transgene
with rearrangement (Fig. 4.3). Different hybridization patterns verified independent
transformants o f these RO transgenic plants (lane 5 vs 6 and 7, Fig. 4.3). All GUS
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Table 4.4. Segregation o f GUS expression in selfed-Rl progeny derived from primary RO
transgenic plants.
lines

No. o f plants
tested

No. o f plants
GUS-positive

No. of plants
GUS-negative

Expected
ratio
X2 value**

Rl-127-20
R l-127-24
Rl-127-30

42
43
50

34
27
35

8
16
15

3:1
3:1
3:1

0.794
3.419
0.667

Rl-128-1
Rl-128-8
Rl-128-29
Rl-128-30

30
22
35
60

25
17
22
42

5
5
13
18

3:1
3:1
3:1
3:1

1.111
0.061
2.752
0.800

** Probability o f X2=3.84 -with 1 degree of freedom is 0.05.

positive R1 plants derived from transformant RO-127-20 contained several copies of
transgenes identical to its primary transformant R0-127-20 (lanes 9-15, Fig. 4.3), while
all the GUS negative R1 plants (lanes 16-20, Fig. 4.3) did not contain the transgene.
These results indicated that the transgenes were inserted into the same location in the rice
genome and inherited as a single locus (Fig. 4.3 and Table 4.4). Similar results were
found in selfed-Rl progeny derived from primary RO transformant R0-128-1, where all
GUS positive R1 plants derived form R0-128-1 contained three copies o f the transgenes
one of which represented the intact transgene with expected size o f 5 kb (lane 10-16, Fig.
4.4), and GUS negative R1 plants did not carry the transgene (lanes 17-20, Fig. 4.4). Two
GUS negative R0 plants (RO-128-12 and RO-128-21) from pRGL128 were included to
determine if they carried intact transgenes. As shown in Fig. 4.4 (lane 5 and 6), these two
GUS negative R0 plants also contained intact transgenes, indicating gene silencing in the
R0 transgenic plants.
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Fig. 4.3. Southern blot analysis o f transgene (GUS) in RO and R1 transgenic plants
(Taipei 309) transformed with pRGL127 containing the RU BQ l promoter. DNA was
digested with EcoRl, and probed with GUS coding region, a 1.8 kb Xbal/SacI fragment
from pRGLl 12-1. Lane 1: DNA marker, lane 2-3: Plasmid pRGL127 digested with
EcoR I, equivalent to 1 and 5 copies; lane4: DNA from untransformed Taipei 309; Lane
5-7: three independent RO primary transformants; lane8: uncut DNA from primary
transformant RO-127-20; Lane 9-15: GUS-positive plants derived from primary
transformant RO-127-20; Lane 16-20: GUS-negative plants derived from primary
transformant R0-127-20. Arrow indicates the expected 2.5 kb fragment containing the
intact GUS gene.
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Fig. 4.4 Southern Blot analysis o f transgene (GUS) in RO and R1 transgenic plants
(Taipei 309) transformed with pRGL128 containing the RUBQ2 promoter. DNA was
digested with Hindlll and EcoRI, and probed with GUS coding region, a 1.8 kb
Xbal/SacI fragment from pRG Ll 12-1. Lane 1: DNA marker, lane 2-3: Plasmid pRGL127
digested with Hindlll/EcoR I, equivalent to 1 and 5 copies; lane4: DNA from
untransformed Taipei 309; Lane 5-8: DNA from four independent RO primary
transformants; lane 9: uncut DNA from transformant RO-128-1; Lane 10-16: DNA from
GUS-positive plants derived from primary transformant RO-128-1; Lanel7-20: DNA
from GUS-negative plants derived from primary transformant RO-128-1. Arrow indicates
the expected 5.0 kb fragment containing the intact GUS gene.
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4.3.6 Transgenic Rice Plants Expressing BAR. Gene under the Control of RUBQ2
Promoter
Plasmid pRGL129 contained the RUBQ2:BAR and 35S:HPH gene cassettes.
After transformation with pRGL129 via particle bombardment, calli were maintained on
solid MS medium containing 30 ppm hygromycin. A total o f 23 colonies resistant to
hygromycin were obtained. Subsequently, resistant calli were transferred onto MS
regeneration medium where 14 transgenic rice plants were generated, and then grown in
the greenhouse. After two months, control and transgenic plants were sprayed thoroughly
with a 1% (v/v) glufosinate herbicide solution. Discoloration of leaves o f control plants
was observed as early as day 3 after treatment, whereas all transgenic rice plants (RO)
showed no herbicide damage (Fig. 4.5).

Control

Fig. 4.5. Herbicide-resistant transgenic rice plants (RO). Two month old plants were
sprayed with 1% Glufosinate solution. Photograph was taken two weeks after herbicide
treatments.
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DNA from seven transgenic plants was digested with BamHI and EcoRl (lanes 814, Fig 4.6), and probed with a 0.7 kb fragment containing the BAR gene. As shown in
Fig. 4.6, the transgenic rice plants contained the expected 700 bp fragment with the intact
BAR gene.

Fig. 4.6 Southern blot analysis o f the BAR gene in RO transgenic plants o f Taibei309.
Lane 1-3: plasmid pRGL129 digested with BamHI and EcoRI, equivalent to 1, 5 and 10
copies; lane 4: DNA from an untransformed plant; lane 5: uncut DNA from one primary
transformant; lane 6 and 7: DNA from one transformant digested with BamHI, and
EcoRI, respectively; lane 8-14, DNA from primary transformants, digested with BamHI
and EcoRI. Arrow indicates the 0.68 kb fragment containing the intact BAR gene.

69

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

4.4 Discussion
Deletion analysis indicated that sequences containing the putative enhancer
element produced a 2.5 fold stimulatory effect on RUBQ2 promoter activity. It is
interesting to note that 5'-upstream regions o f both RUBQ1 and RUBQ2 contained this
enhancer sequence located approximately at positions -596 and -768, respectively,
showing 9/11 and 10/11 sequence identity to the enhancer core consensus element
GGTGTGGAAA(orTTT)G found in animal systems. Similar sequences were also found
in the ubi.U4 promoter region from N. tabacum at position -408 (Genschick et al., 1994)
and the maize polyubiquitin promoter at position -621 (Christensen et al., 1992), showing
9/11 and 7/11 identity to the enhancer core consensus element, respectively. However, it
is not clear if similar enhancer elements exist in the ubiquitin promoters from sunflower
(Binet et al 1991) or Petroselinum cripum (Kawalleck et al., 1993), since regions
upstream o f -400 were not reported for these genes. This enhancer sequence was present
in the maize Adhl promoter (Kyozuka et al., 1994), and those o f several potato genes
such as lat52, Iat56, lat59 (Tweel et al., 1991). In animal systems, this enhancer region
was found to act as a global enhancer in gene expression (Khoury et al., 1983; Weiher et
al., 1983). Though the function o f enhancer regions found in rice ubiquitin promoters
needs to be determined in plant systems, it has been proposed that these enhancer
sequences could also served as a global enhancer of gene expression (see Chapter 3).
Intron enhancement o f gene expression has been well documented in transformed
monocot plants (Callis et al., 1987; Cohen et al., 1988; Evan et al., 1988; Last et al.,
1990). In this study we showed that activity o f rice ubiquitin gene RUBQ2 promoter was
reduced to background levels if the intron was removed which was consistent with the
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rice Actl promoter whose activity was dependent on the presence o f the Actl intron
(McElroy et al., 1990). A three to five-fold decrease in promoter activity was reported for
Arabidopsis (Norris et al., 1993) and potato ubiquitin genes (Garbarino et al., 1994) if
their native introns were deleted. However, ubiquitin promoters from Nicotiana tabacum
(Genschick et al., 1994), and sunflower (Binet et al., 1991) were completely independent
o f their own introns in driving reporter gene expression.
Southern blot analysis o f R1 progeny derived from primary transformants R0127-20 and RO-128-1 indicated three to seven copies o f transgenes were inserted into a
single genomic location which is consistent with previous reports (Spencer et al, 1992;
Register et al, 1994; Cooley et al, 1995; Kumpatla et al, 1998). It is interesting to see that
a high proportion (52 %) o f the RO transgenic plants containing construct pRGL131
(35S-GUS) showed no GUS expression. However, only 2 out o f 25 (8%) RO transgenic
plants containing construct pRGL128 (RUBQ2-GUS) do not exhibit GUS activity, and
all RO transgenic plants containing construct pRGL127 (RUBQ1-GUS) displayed GUS
expression. These results suggested that use o f the rice ubiquitin promoters may reduce
the frequency o f events leading to transgene silencing compared to the 35S promoter. It
was proposed that genomic surveillance processes may recognize the 35S promoter as an
intrusive viral sequence, thus initiating inactivation processes (Kumpatla et al, 1999). Hot
spots for rearrangement in 35S promoter regions were reported in transgenic maize
(Register et al, 1994) and in transgenic rice (Kumpatla et al, 1999). More investigations
on transgenic rice plants containing rice ubiquitin promoters are needed to determine
potential reductions o f gene silencing in rice transformation systems.
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Aberrant/non-Mendelian transgene segregation has been frequently reported in
transgenic plants. McElroy and Brettel (1994) suggested that silencing contributes to nonMendelian segregation o f transgene expression in monocots. Kumpatla et al., (1997)
demonstrated a functional relationship for methylation in gene silencing leading to the
aberrant transgene segregation in transgenic rice. In our studies, two selfed R1 progeny
derived from independent RO transgenic plants, Rl-127-21 and Rl-128-1, were evaluated
for transgene segregation. Based on Southern blot analysis, all GUS-positive plants
contained copies of transgene identical to their RO parent, while all GUS-negative plants
contained no copies o f transgene (lanes 9-20, Fig 4.3; lanes 10-20, Fig 4.4). Taking
consideration o f fitting 3 to 1 Mendelian inheritance mode in all the progeny tested, we
demonstrated Mendelian segregation o f transgene driven by the rice ubiquitin promoters
in these transgenic rice plants.
GUS expression levels from constructs containing RUBQ1 and RUBQ2 were
substantially higher than those from a construct containing the 35S promoter in stably
transformed calli and transgenic rice plants. The histochemical localization o f GUS
activity indicated that both rice promoters were actively expressed in all tissues tested,
which is consistent with results from Northern blot analyses o f these two rice
polyubiquitin genes in various rice plant organs (see Chapter 3). Strong promoters such
as RUBQ1 and RUBQ2 could be used to efficiently drive marker and target gene
expression that compares favorable to the 35S promoter. In addition, we were able to
demonstrate the development o f herbicide resistant transgenic rice plants using the
RUBQ2 promoter. In summary, we believe that the rice ubiquitin promoters reported here
have potential utility in rice or other monocot plant transformation systems.
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CHAPTERS. SUM M ARY AND CONCLUSION
Successful transgenic plant production is largely dependent on the use of suitable
promoters. In this study, we described isolation of the rice ubiquitin genes, and
demonstrated the potential utility o f the rice inbiquitin promoters in monocot
transformation systems.
Two polyubiquitin genes (RUBQ1 and RUBQ2) and two ubiquitin
extension/fusion genes (RUBQ3 and RUBQ4) have been isolated from a rice genomic
library. DNA sequence data revealed that botlh RUBQ1 and RUBQ2 contained an open
reading frame encoding a hexameric ubiquitim precursor and an intron immediate
upstream o f the initiation codon. The two ubiquitin fusion/extension genes RUBQ3 and
RUBQ4 contained one repeat of the ubiquitin coding region interrupted by an intron.
Northern blot analysis using the 3’-untranslated region as gene specific probes
showed that RUBQ1 and RUBQ2 were actively expressed in all rice plant organs tested.
Differential expression was obtained in roots where RUBQ2 appeared to be
predominantly expressed. Expression o f RU BQ l and RUBQ2 accumulated in response to
heat shock, which is consistent with the heat sto c k element found in the promoter regions
o f both genes. Promoters from RUBQl and RUBQ2 were further characterized for their
utility in plant transformation system. Chimeric genes containing the rice ubiquitin
promoter and p-glucuronidase (GUS) coding region were constructed and transferred into
rice cells via particle bombardment. In transient assays, GUS activity from constructs
containing RUBQl and RUBQ2 promoters in rice suspension cells w as 10 to 15-fold
greater than those using the 35S promoter, and 2 to 3-fold greater than constructs with the
maize polyubiquitin Ubi promoter. In stable transformation experiments, GUS expression
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levels from constructs containing RUBQl or RUBQ2 promoters were 22 and 48-fold
greater in stably transformed calli, and 8 to 35-fold greater in transgenic rice plants,
respectively, compared to those from a construct containing the 35S promoter.
To gain information about high activity o f the rice ubiquitin promoters, deletion
analysis o f the RUBQ2 promoter was performed. It was shown that a 70 bp region at
position —768 produced a 2.5-fold stimulatory effect on promoter activity in transient
GUS expression. This 70 bp region contained the element showing 10/11 sequence
identity to the enhancer core element found in genes in animal systems. RUBQ2
promoter activity was dependent on the presence o f its own intron since promoter activity
was reduced to background levels when the intron was deleted.
Numerous independent transgenic rice plants containing the GUS gene driven by
RUBQl or RUBQ2 or CaMV35 promoters were produced. A six-fold increase in gene
silencing events were observed in RO transgenic plants containing the GUS gene driven
by the 35S promoter (52%) than the rice ubiquitin promoters (0-8%). Southern blot
analysis o f RO and R1 transgenic plants showed that three to seven copies of the GUS
genes were inserted into the rice genome and inherited as a single locus. Segregation o f
GUS expression fit a 3 (GUS positive) to 1 (GUS negative) Mendelian inheritance
pattern in all 7 selfed- R1 progeny tested. In addition, herbicide resistant transgenic rice
plants were produced that contained the BAR gene controlled by the RUBQ2 promoter.
These results demonstrate that the potential usefulness o f the rice ubiquitin promoters in
rice and other monocot transformation systems.
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APPENDIX
ABBREVIATIONS
2,4-D: 2,4-dichlorophenoxy acetic acid; Adh: alcohol dehydrogenase; ARE: anaerobic
responsive element; BAC: bacterial artificial chromosome; BAR: gene from S.
hygroscopicus, encoding the enzyme PAT; CaMV: cauliflower mosaic virus; Bt: bacillus
thuringiensis; ddNTP: dideoxynucleoside triphosphate; GUS: P-glucuronidase; HPH:
hygromycin B phosphotransferase; Kb: kilobase; LUC: luciferase; MAS: mannopine
synthase; MU: methyl umbelliferone; NOS: nopaline synthase; NAA: a-naphthalene
acetic acid; NPTII: neomycine phosphotransferase; OCS: octopine synthase; PAGE:
polyacrylamide gel electrophoresis; PAT: phosphinothricin acetyltransferase; PPT:
phosphinothricin; QTL: quantitative trait loci; SDS: sodium dodecyl sulfate; SSC:
sodium chloride/sodium citrate (buffer); TBE: tris/borate electrophoresis (buffer);
TEMD: tetramethylethylenediamine; UAS-upstream activating sequence;
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